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ABSTRACT
It is well known that our environment contains trace
amounts of a wide range of heavy metals.

In small amounts,

some metals are essential to life, while others are so
poisonous that only a few micrograms can kill.
however, any metal may prove toxic.

In excess,

For the last decade,

there has been increased interest in trace metals found in
the environment and in their interactions with biological
systems.

To fully assess the biological significance of a

substance, knowledge of its total concentration is not
enough— it is also necessary to establish the biological
availability of that substance.
This dissertation will discuss various techniques of
sampling, dissolving, storing, and analyzing airborne
metal particulates.

A new approach for determining the

fraction of airborne metals that may pose health hazards
is also introduced.

Several ligands were investigated to

determine their ability to solubilize metal oxides, which
is an inorganic form of metals frequently found in air.
To provide standard metal oxides, an oxide generator was
utilized; construction and operating procedures for this
generator are given.

These standard oxides were used

throughout the method development.

Whatman No. 41 was

the filter medium used to collect both the generated
samples and the field study samples.

All samples were

analyzed by either flame or flameless atomic absorption.
A tri-ligand solution which consisted of diphenylthiocarbazone, 8-hydroxyquinoline, and acetylacetone in
ethyl propionate was the first ligand system tested.

This

mixture proved insufficient as a dissolving agent for the
metal oxides.

(Recoveries from 59 to 86# were observed.)

Other ligands and ligand mixtures studied were:

molten

oxine; dithizone and molten oxine; ammonium acetate,
dithizone, and molten oxine; a solution of citric acid,
cysteine, gluconic acid, maleic acid, and oxalic acid;
and citric acid.

Of these, a 1# (w/v), 6.2 pH solution

of sodium citrate and citric acid (citrate/citric acid)
was used to develop the analytical procedure for the dis
solution of cadmium, chromium, cobalt, copper, lead,
nickel, and zinc oxides.
When heated in one or more milliliters of this solu
tion for 25 minutes at 75° C, the metal oxides were
solubilized with 100 percent efficiency.

This process

was found to be free of interference from all of the 24
ions that were examined.

The more insoluble metal sulfides

were only partially dissolved by this method (35-80#).

It

is believed that citrate/citric acid dissolution of airborne
metal particulates provides a much more realistic approxi
mation of the biologically available fraction of these
samples than is provided by the conventional methods of
xv

sample dissolution.
Also included in this dissertation is a study of the
adsorption characteristics of barium, beryllium, cadmium,
manganese,

lead, and zinc on Pyrex, flint glass, and

polyethylene surfaces during storage under various condi
tions.

The method of stabilization recommended by EPA

(addition of 5 ml of 16M HNO^ per liter) and stabilization
and concentration using the tri-ligand solution were found
satisfactory.

However, complexation by ammonium

pyrrolidinedithiocarbamate and extraction into methyl
isobutyl ketone proved unsatisfactory for storage purposes.

xvi

CHAPTER
I

INTRODUCTION

A.

Air Pollution
Prom ground level to a height of about 50 miles the

earth is surrounded by a relatively constant mixture of
gases, collectively called air, that make up our atmosphere.
The average person breathes the air around him approximately
22,000 times per day.

This amounts to an air intake of some

24 Kg as compared with about 2.5 Kg of water and less than
1.5 Kg of food (1).

Air is our principal link to life—

five minutes without it and we die.

In light of our de

pendence on the air around us, the recent concern about its
continuously deteriorating quality should not be surprising.
In addition to providing us with life-supporting air,
the ear t h’s atmosphere also acts as a disposal medium which
disperses and degrades man's wastes and helps to maintain
a balance in our ecosystem.

But man's heedless use of the

atmosphere as an enormous sewer has put a great burden on
this function.

When the burden is too great and the con

ditions are right the result is an air pollution problem.
Polluted air is not a problem unique to this century—
it existed prior to man.

Since the beginning of geological

time, various natural phenomena such as volcanic activity,
grass fires, decaying animals, dust storms and natural
radioactivity have produced vast quantities of airborne ma-

1

2

terials.

Man-made pollution has probably existed since

man first used fire for cooking and warming his ill-venti
lated caves.

As early as 1273, the use of low grade "sea

coal" was prohibited in England because it created ex
cessive smoke and soot

(2 ).

When one thinks of air pollution, the thought of soot
deposits, clouds of dust, and smoke infested skies immedi
ately comes to mind.

Strictly speaking, however, any

substance not normally present in the atmosphere or pre
sent in quantities greater than normal is a pollutant.
Practically though, only substances that have demonstrated
the ability or the potential to cause deleterious effects
on life forms or that interfere with the enjoyment of life
are considered pollutants.
The composition of pure, clean, dry air at sea level
is given in Table I.

Air also contains from 0.01 to 5.0

percent water depending on the temperature and evaporation
rate from available water sources

(3).

Man's respiratory

apparatus was developed to breathe this pure clean air.
When the air became foul and uncomfortable for early man,
he could simply pick up and move to a cleaner location.
Unfortunately for us, increased population coupled with
industrialization, urbanization, and the inadvertent dumping
of contaminants into the environment have made such an
option impossible.
have made.

We are forced to clean up the mess we

TABLE I
COMPOSITION OF DRY., NATURAL A IR
NEAR SEA LEVEL

COMPOSITION OP DRY, NATURAL AIR NEAR SEA LEVEL

Concentration*
Total mass
Component

Volume %

ppm

(10^ tons)

Major components
Nitrogen
Oxygen

78.09
20.94

780 900
209 400

3 850 000 000
1 180 000 000

Minor components
Argon
Carbon dioxide

0.93
0.0318

9 300
318

65 000 000
2 500 000

Trace components
Neon
Helium
Methane
Krypton
Dihydrogen
Nitrous oxide
Carbon monoxide
Ozone
Ammonia
Nitrogen dioxide
Sulfur dioxide

18.0
5.2
1.3
1.0
0.5
0.25
0.1
0.02
0.01
0.001
0.0002

64
3
3
15

000
700
700
000
180
1 900
500
200
30
8
2

Data from John W. Moore and Elizabeth A. Moore, "Environ
mental Chemistry," p. 193 (197o).
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As with our waters, the decision to clean the air did
not evolve in the minds of prudent men but was dictated by
the pains of illness and death.

We now enjoy safe drinking

water but only after typhoid, Asiatic cholera, polio
myelitis, meningitis, and hepatitis claimed or afflicted
the lives of thousands.

Air pollution has steadily in

creased since industrialization began, yet the complaints
of itchy eyes, raw throats, poor visibility, coughing, and
millions of dollars worth of economic damage were practi
cally ignored until masses of people died.

The death of

63 persons in the Meuse Valley of Belgium in 1930 was the
first well-studied air pollution incident

(4).

Since then

several other catastrophic episodes have attracted the
public's attention.

Among them were the following events:

1) Donora, Pennsylvania where 26 people and 800
animals died in 1948 (5 )*
2) London, England in 1952 the site of a four
day disaster that left 4000 citizens dead (6 ).
3 ) New York City where some 400 people succumbed
to the effects of air pollution in 1953 (7 )In this country the federal framework for controlling the
air environment is founded on the Clean Air Act of 1963
and its amendments, the Air Quality Act of 1967 and the
Clean Air Amendments of 1970 (8 ).
More than 90 percent of our nation's air is polluted
due to emissions of five major substances called primary
pollutants.

These primary pollutants are carbon monoxide

(CO), hydrocarbons

(HC), oxides of sulfur (S0X ), nitrogen

oxides (NO ), and particulates

(Part.).

These substances

along with their major sources are listed in Table II.
The importance of each pollutant is expressed by its
"effect factor".

This factor is obtained by assigning

the value of 1 to CO the least toxic substance and then
by comparing the toxicity of each pollutant to that of
CO.
ies.

Thus, the effect factor is simply a ratio of toxicitBy comparison of the effect factor with the amount

emitted,

it can be seen that the most abundant pollutant

is also the least toxic.

This demonstrates that in assess

ing air pollution and its effect on man, the mere presence
of a pollutant need not mean disaster.

B.

Particulates
According to one definition, any collection of dis

persed matter,

liquid or solid, larger than a single mole

cule but smaller than about 500 microns is classified as
part i.cu'late matter (9).

As a pollutant, particulates are

important for several reasons:
1) The penetration of particles into the respiratory
system is more efficient than the respiratory
penetration of some gaseous pollutants (3).
2) Particulates possess the ability to scatter light,
increase atmospheric turbidity, and reduce visi
bility (9 ).
3) By scattering sunlight, particles can also reduce
the amount of solar radiation which reaches the
earth and thus contribute to the mean global
temperature drop (3 ,1 0 ,1 1 ).

TABLE II
ESTIMATES OF UNITED STATES'
A IR POLLUTION EM ISSIONS AND COSTS,

1970

ESTIMATES OF UNITED STATES'
AIR POLLUTION EMISSIONS AND COSTS,

Source Category
Transportation
Fuel Combustion
in stationary
sources
Industrial
processes
Solid Waste
disposal
Agricultural
burning
Miscellaneous
Total emissions

CO

HC

1970*

Substance emitted (10^ tons)
N0X
SOx

Part.

Total

0.6
6.2

130.4
40.5

100.6
0.7

17-7
0.5

0.9
24.0

10.6
9.1

10.3

5.0

5.4

0.2

12.1

33.0

6.5

1.8

0.1

0.4

1.3

10.1

12.5

2.5

0

0.3

2.2

17.5

4.1
134.7

4.1
31.6

0.2
20.8

1.4
23-8

10.1
241.6

0.3
30.7

-

EFFECT FACTORS FOR PRIMARY POLLUTANTS**
Pollutant

CO
HC
SOx
NO
Part.

Effect Factor

1.0
125.0
15.3
22.4
21.5

*Data from John W. Moore and Elizabeth A. Moore, "Environmental Chemistry", p. 193 (1976)
**From Journal of the Air Pollution Control Association, May 1972, p. 53-

4) Particles may be intrinsically toxic due to their
inherent chemical and/or physical characteristics.
Sulfuric acid aerosols (12), fibers of asbestos
(13), and particles of beryllium metal (14) are
particulates that are known to exert harmful
effects on man.
5) The clearance mechanisms in the respiratory tract
may be impeded by the presence of inhaled particles
(15).
6 ) Through the adsorption and absorption of gases
and vapors, particles may act as carriers of
toxic substances and may react synergistically
with other pollutants thus posing a greater
hazard.
Studies supporting these effects have
been demonstrated using both human and animal
subjects (1 6 ,1 7 ,1 8 ,1 9 ).
Prom a chemical standpoint, atmospheric particles
are a most diverse class.

They include both organic and

inorganic material and are formed by the agglomeration
of smaller particles, by condensation and interactions
of any number of gaseous pollutants, and by dispersion of
larger pieces of materials.

Particulate matter includes

soil dust, volcanic mists and fumes, emissions from forest
fires, sea salts, particles formed from gaseous substances
such as sulfates from S02 and nitrates from NC>2 , and parti
cles of metals and their compounds.

C.

Airborne Metal Particulates
Perhaps one of the most dangerous and certainly one

of the most insidious forms of pollution arises from the
dispersion of heavy metals in our environment.

Unlike

many of the other primary and secondary pollutants, heavy

10

metals are not biodegradable (20).

Their presence in the

air has been a topic of extensive investigation in the last
twenty years.

Drs. E.C. Tabor and V.W. Warren were the first

to publish a comprehensive study of airborne metals in
American cities (21).

Some metals are toxic and their pre

sence in the air could represent serious health hazards if
levels are not regulated.
1.

Sources of Airborne Metals

Trace metals are emitted into our atmosphere from
many sources.

The more important sources are:

(1) high

temperature combustion sources such as metallurgical
smelters (2 2 ,2 3 ) and blast furnaces, fossil-fueled power
plants
mobiles

(24,25,26), municipal incinerators (27), and auto
(2 8 ,2 9 ,30 ); (2 ) metal plating industries; and

(3) natural wearing of metal-bearing materials.

Metals

find numerous industrial uses, some of which are summarized
in Table III.

We all utilize metals, on us as jewelry,

around us in products, in housing materials, in automobiles,
and a multitude of other uses.

The list is almost unending,

thus exemplifying the diversified applications of metals
in our society.

Whenever these products are manufactured,

effluents from the operations involved often contain m e 
tallic compounds which may find their way into the environ
ment.

TABLE III
INDUSTRIAL USES OF SOME HEAVY METALS
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INDUSTRIAL USES OP SOME HEAVY METALS

Uses

Metal
Cadmium

(1)
(2)
(3)
(4)

As pigments
In the electroplating industry
As insecticides
As neutron absorbers in nuclear
reactors

Chromium

(1)- In the production of various alloys
used in steel manufacturing
(2) As pigments
(3) In chromium plating
(H) In the leather industry as a tanning
agent
(5) In wood preservation
(6) In the manufacture of cutting tools

Cobalt

(I)

Copper

(1) In alloys used for general engineering
purposes, for domestic utensils,
canning, etc.
(2) In the electrical industry as resistance
wires, high conductivity tubes,
commutator bars, etc.
(3) In the building industry, for pipes,
for roof sheeting, etc.
(4) As insecticides
(5) In coinage

Lead

(1) In the manufacture of pipes, cisterns,
roof coverings, etc.
(2) In the manufacture of lead shot, bullets,
linotype metal, etc.
(3) In storage batteries, as accumulator
plates
(4) In paints, varnishes and pigments

Nickel

(1)
(2)
(3)
(4)
(5)

In the manufacture of alloys used
in the electrical, automobile and
aircraft industries
(2) As a binder in the tungsten carbide
industry

In steel manufacture
In alloys
In electroplating
In coinage
With cadmium in Ni-Cd batteries

Uses

Metal
Zinc

(1)
(2)
(3)
(M)

As coatings on Iron or steel
For building materials
In alloys
In plating as an alternative to
cadmium
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2.

Effects of Airborne Metals

Metals found In the air can settle out on' soil and
be taken up in the roots of plants or they can be washed
away by rains and enter our waters.

However, in air pol

lution studies, the entrance via the respiratory system
is of greatest concern.

It is well documented that the

deposition of inhaled particules into the body is very
dependent on particle size (31*32,33).
Particles less than one micron are deposited prima
rily in the pulmonary region of the respiratory tract.
Prom a toxicologic standpoint, these particles are of
greatest importance.

The efficiency of extraction for

toxic species from the pulmonary region is from 60 to
80 percent.

Particles larger than one micron are lodged

primarily in the nasopharyngeal region and to a smaller
degree in the tracheobronchial region.

Particles in

these regions are generally removed to the pharynx by
cilial action and swallowed.

The absorption efficiency

for ingested metals is usually from five to fifteen percent
(34).

Gladney and other workers

metals such as cadmium, chromium,

(35,36,37) have shown that
copper, lead, selenium,

tin, and zinc are actually enriched in submicrometer parti
cles.

The samples studied were ambient air emissions from

coal-fired power plants, municipal incinerator fly ash,
automobile exhausts— in the case of lead, and residual fuel
oil.
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The essentiality, as well as the harmful and benign
effects, of metals found in our environment is well known.
A summary of these effects for various select metals is
given in Appendix A.

After analyzing these effects and

the concentrations of various metals found in urban and
rural atmospheres, the Federal Government acting under
the authority of the 1970 Amendment to the Clean Air Act
has declared mercury and beryllium to be hazardous m e t a l s .
Nine other metals, barium; cadmium; copper; lead; manga
nese; nickel; tin; vanadium; and zinc, are also being
considered as candidates for such classification.

Other

metals that have shown toxic or carcinogenic effects in man
or test animals are chromium and cobalt.

As stated above,

all of these metals have been found in substantial amounts
in the air.

To what extent their presence will effect us

ultimately, has not been fully established.
According to Dr. H.A. Schroeder, the fate of inhaled
metals is two-fold.

They are either deposited in pulmonary

tissue in insoluble forms or they are absorbed into pulmonary
circulation where they are stored in other tissues or excre
ted in urine or bile.
It seems logical that the steps In assessing the inha
lation hazards associated with airborne metals would be
first, to identify the chemical forms of the metals;
secondly, to determine their source and size distribution;
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and thirdly, to determine what fraction of airborne metals
can actually be solubilized by natural biological processes.
Source Identification and size distribution studies
have been underway for some time now.

Speciation of air

borne metals as well as other pollutants is an area of pol
lution research that is rapidly advancing.

However, to date,

most of the work done in the area of metal availability has
been determined by actually analyzing lung and other body
tissues of animals and humans after contaminate exposures
(31>3*0.

Little investigative work has been conducted on

actual air samples to determine what portion of the metallic
content is of physiological significance.
This research was undertaken to determine the ability
of various ligands to solubilize inorganic metallic com
pounds most likely encountered in ambient atmosp h e r e s .

CHAPTER

E

SAMPLING, STORING, AND ANALYZING
METALLIC PARTICULATES

A.

Sampling
1.

Introduction

The first step in any analysis is the sample collection
or sampling.

Effective planning is of utmost importance to

assure that the samples obtained are indeed representative.
The sampling location, the time and duration of sample col
lection, the rate of collection, and the sampling method are
all decisions that must be made prior to sampling.

In air

pollution studies, these choices are often influenced by
various meteorological parameters such as wind velocity,
temperature, and humidity.

Other variables worthy of con

sideration are the concentration of the pollutant and its
fluctuations in time; i.e., diurnal, seasonal and long
term trends, and the distribution of sources.

One must

also have knowledge and understanding of the equipment to
be used and the purpose for which the samples are being col
lected.
Air pollution samples are collected for various reasons
1) To determine the effectiveness of control
programs in lowering ambient contamination.
2) To determine if there are hazardous concen
trations of pollutants in the atmosphere
or if levels are in compliance with regu
lations.
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3) To determine the emission levels from a
specific source.
4) To determine human or animal exposure levels.
5) To identify pollutants in the atmosphere.

2.

tods for Airborne Particulates

A great variety of methods are used to collect particu
late matter.

The method selected should depend on the

purpose for which the sample is being collected.

For

instance, if information on individual particles is needed,
a few hundred particles may be collected for microscopic
observation.

Particle shape and size distribution can be

determined, but information about aerodynamic properties,
weight, or chemical composition cannot be obtained this way.
For chemical analysis, a high volume, Hi-Vol, sampler is
typically used.

An average analysis of all the particles

can be determined but information concerning particle-size
distribution cannot.
a.

Sedimentation

Sedimentation devices depend upon the ability of parti
cles to settle or "fall out" of the atmosphere and into
these devices.

For this reason, this method is generally

limited to particles whose diameters exceed 10 microns.
Sedimentation is a simple technique and is very effective
for collecting dust samples in stacks and in locations of
high particulate contamination.
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The collectors' are cylindrical jars, originally
made of glass or metal, but now made of polyethylene.

The

jars may be used either dry or with some collecting liquid,
usually water.

Sampling time is usually thirty days.

The

collected sample is first weighed and then analyzed for the
water insoluble and the water soluble particulate fractions.
The remaining ash residue is determined by weight difference.
Results are expressed in tons per square mile of the total
amount collected.
The results are affected by the shape and dimensions
of the collection container and by the presence or absence
of aerodynamic shields which are used to prevent wind
currents from blowing across the open end.

This method

of collection is subject to many inaccuracies; agglomer
ation and attachment to container walls make relating what
is in the atmosphere to what settles out difficult.
b.

Filtration

Filtration is the most widely used method for particu
late sampling.

In this method filters are used to remove

particles by three primary means— impaction, sieving, and
diffusion or Brownian motion.

This method of particulate

collection is used mostly In studying the mass concentration
number, optical properties, size distribution,
composition of airborne particulates.

and chemical

The information sought
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and the types of tests to be performed usually determine
the filter media and sampling instruments to be used.
The two most widely used samplers are the high-volume
(Hi-Vol) sampler and the tape sampler.

They are briefly

discussed below:
High Volume Samplers:

High volume air samplers con

sist mainly of household type vacuum units, mounted in
aluminum housings.

The housings are tapered to hold the

filters on the intake side of the blower.

Of the different

kinds of filter material available (cellulose, glass-fiber,
flash-fired glass-fiber, polystyrene, polyvinyl chloride,
and millipore) glass-fiber has been the most widely used
because of its high collection efficiency,
sistance, and durability.

low air re 

One disadvantage in using glass-

fiber filters is its high level of contamination for some
metals.
The samplers are usually operated for 24-hour periods.
The filters are equilibrated for 24 hours in the laboratory
and then weighed to determine the weight of total collected
particulates.

For total particulates, the results are ex

pressed as micrograms per cubic meter of air sampled.

For

specific contaminants, the amount collected is determined
by any one of the methods to be discussed in Section C.
Tape Samplers:

In tape samplers, portions of filter

paper are successively positioned, and clamped between
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an Intake tube and a vacuum connection.

Prom one to four

hours, air Is drawn through the filter medium.

When the

sampling period is up, a new portion of tape is automati
cally advanced to the sampling point and the sequence is
repeated.

Traditionally, this method of sampling was used

for optical evaluations of particulate matter..

Only crude

estimates of particle loadings were obtained by this
technique.

Recently, tape sampling has been utilized in

developing and testing ring oven techniques
c.

(Ml,42,43).

Electrostatic Precipitation

In this method, air is passed between, electrodes that
are charged at a potential of 12,000 to 30,000 volts.

Parti

culates in the airstream become charged by collision with
ions in the electric field.

Under the influence of the

electric field, the charged particles are transported to
a collecting electrode where their charge is neutralized.
With a reasonable length of gas path, particles ranging in
size from 0.2 microns to about 10 microns are collected with
100% efficiency.

This method is used more for abatement

than for analysis of airborne particulates.
d.

Impingement Methods

Two kinds of impingers exists, dry and wet.

Dry im-

pingers collect particles by impaction and are often called
impactors.

In wet impingers, particles are forced onto a

surface that is submerged in liquid.

In both types, col-

lection occurs as a result of inertial force.

Air is

forced to move at a high velocity in a circular path.
Since particles tend to move in straight lines, they do not
follow the streamlines of the air around an obstacle— but
cross streamlines and impact upon the deflecting surfaces.
For particles larger than 1 micron the collection efficien
cy of both wet and dry impingement is high.

As particle

size drops below 1 micron, higher centrifugal velocities
are necessary to assure efficient collection.

Though this

method of collection is not commonly used, it has potential
for structural identification and determination, possibly
using both polarized light and electron microscopy.

B.

Storage and Sample Handling
After obtaining a representative sample, the integrity

of the sample must be maintained during handling and
storage prior to analysis.

Particulate samples collected

on filters can usually be stored for years, if kept in
clean and completely sealed petri dishes or in other suit
able containers.

If it is necessary to solubilize the

sample and store it for some time before analysis, care
must be taken to avoid absorption, adsorption, or leaching
of the elements to be tested.

Storage.containers should

be purified by rinsing with acid solutions followed by
thorough washing with distilled water.

This is done to
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remove any surfactants or releasing agents that may be
left over from the manufacturing process.

Shendrikar,

et a l . (44) have studied the adsorptive characteristics
of traces of selected metals on three materials often
used as containers, Pyrex, flint glass, and polyethylene.
Details will be given in Chapter V of this dissertation.

C.

Methods for Determining Metallic Particulates
1.

Gravimetric and Titrlmetric Methods

Weight determinations of dustfall and of suspended
particles have become the chief use of gravimetric tests
in air pollution studies.

Because the amount of sample

collected for individual constituents is usually in the
nanogram to microgram range, gravimetric procedures have
given way to more convenient and more reliable quantitative
techniques.

Titrimetry has also lost its popularity.

There

are coulometric titrations that are sensitive and accurate
enough to make them very useful in specific applications
(43).
2.

Colorimetric and Spectrophotometric Methods

Since the proposal of B e e r ’s Law in 1852 and the intro
duction of photoelectric detectors and other instrumental
developments, methods based on the absorption or emission
of light have been used extensively in the scientific com
munity.

The number of reagents that provide the foundation

for specific,

selective, and sensitive determinations of

both inorganic and organic compounds has increased rapidly
in the last twenty years.

By using these reagents or

through the proper conditioning of certain reactions; i.e.,
by using masking and demasking agents, by adjusting the
acidity, by changing the oxidation states of species, etc.,
analysis schemes have been developed that are ideally suited
for analyzing small quantities of material.

There are many

colorimetric, spectrophotometric, fluorometric, and
nephelometric methods in use today

(43,45*4.6).

Among the most utilized reagents for the spectrophoto
metric determinations of metals is diphenylthiocarbazone
(dithizone).

Methods employing this reagent are very

sensitive and when properly used will yield very reliable
results.

Metals such as lead, mercury, silver, bismuth,

antimony, cadmium, and zinc have been determined using
dithizone.
The major disadvantage with this method is the detailed
sample treatment that is often required prior to analysis.
3.

Ring Oven Methods

The ring oven technique was introduced in 1954 by
Weisz as a qualitative tool, but before long its value as
a quantitative tool was also recognized (47)-

A drop of

a solution or an air filter spot is placed in the center
of a filter disc

where it is treated with various reagents.

These reagents are used to solubilize the substance(s) of
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interest and to mask any interfering species that may be
present.

The masking is accomplished through control of

pH, precipitation and/or complexation.

Once conditioned,

the substance being tested is washed out to a hot ring or to
an impervious wax barrier by an appropriate solvent.

At the

barrier, the solvent is evaporated and the substance con
centrated.

For multianalysis the ring is then cut into

sectors and each is treated with a color reagent that is
specific for the substance sought.

This method is sensitive,

reliable, convenient, very low in cost, is suited for field
studies, and has been used to analyze Cd, Cr, Cu, Co, Ni,
Pb and Zn (48,49,50).

The biggest drawback with this

technique is that visual detection is required thus making
this technique a tedious chore for routine analysis and
also limited to those with good color vision.
4.

Emission Spectrographic Methods

In this technique, sample elements are excited via
an excitation source and the intensity of the emission
spectra produced by these excited elements are recorded,
usually by means of a photomultiplier tube or a photo
graphic plate.

Ac arcs or sparks and dc arcs are the

more traditional excitation sources; however, lasers and
plasma jets are being investigated for applications in
pollution studies

(51,52).

Optical emission spectroscopy has been used for some
fifteen years in federal monitoring activities and has
been applied to the measurement of various metallic
substances

(53).

Metals in sootfall ash have been de

termined using emission methods

(54).

Keenan and Byers

employed spectrographic methods for the estimation of
some 31 elements in samples collected with high volume
samplers (55).

Beryllium, one of the hazardous metals,

has been determined in air by Keenan and Holtz (56).

Vari

ous other emission spectrographic procedures have been re
ported for determining the metal content of particulate
matter (57,58,59).
Because of problems involving matrix effects this
technique is still only semi-quantitative and it has poor
detection limits for some metals

(60).

The method is

unsuitable for field studies, the equipment is relatively
expensive, and great skill is required in performing the
analysis and in interpretating the results.
5.

Polarographic Methods

Since its invention in 1920 by Jaroslav H e y r o v s k y ,
polarography has found a wide variety of applications.
Basically a small, slowly, variable potential is impressed
across a nonpolarizable electrode

(usually a saturated

calomel, electrode) and a dropping mercury electrode
(polarizable).

The calomel electrode is the reference

electrode and the dropping mercury electrode is the indi
cator electrode.

For the metals encountered in ambient

atmospheres, the applied potential is slowly made more
negative until the reduction or deposition potential of
the metal ion is reached.

The current that was previously

very small now increases rapidly at this point.

With

continued decrease in potential, the current continues to
rise until it reaches a maximum and levels off.

At this

current, called the limiting current, the current is
actually controlled by the diffusion of ions to the
mercury electrode.

Since this rate of diffusion is di

rectly proportional to the concentration of the ion in
the bulk of the solution, the value of the limiting or
diffusion current is a quantitative measure of the ion
present.

The decomposition or half-wave potential identi

fies the cation.
The choice of various supporting electrolytes adds
flexibility to the techniques since different supporting
electrolytes give different half-wave potentials.

Sodium

fluoride makes an excellent choice as a supporting electro
lyte.

The half-wave potentials of important metals like

copper, lead, cadmium, nickel, cobalt, and manganese are
well separated in sodium fluoride.

Nickel and zinc are

not resolvable, for in this electrolyte they have the
same half-wave potentials (61).
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Sensitivities from 1 to 0.1 ppm have been reported.
The method is relatively rapid, simple, nondestructive,
and simultaneous analysis can be carried out.

Despite

these advantages polarography is used very little in
air pollution studies.
Lead in air has been determined by Schneider and
Breindenbach (62).

Dubonis and Monkman (63) have simul

taneously determined lead, cadmium, nickel, cobalt,
chromium, zinc and manganese.
6.

Anodic Stripping Voltammetric Methods

Although generally limited to a small group of metals;
i.e., those that form amalgams, anoidic stripping has re
ceived considerable attention from analytical chemists.
This is due mainly to its great sensitivity and its ability
to provide information concerning metal ion speciation (64).
The method is a two-step process involving concentration
and analysis.

In the first step, the metal ion is reduced

to its elemental state and simultaneously deposited on a
mercury drop or film electrode.

The electrode is maintained

at a low potential for a controlled period of time.

In the

second step, a linearly increasing potential is applied and
the resulting current is measured.

This is recorded as a

current-potential (i vs. v) curve.

The first step is thus

a cathodic step in which the metal ions are concentrated
from solution into the mercury amalgam and the second step
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is an anodic or stripping step in which current peaks mark
the potential at which the plated metal was oxidized.

The

original metal concentration is usually proportional to
the peak current and the identity of the metal is de
termined by the peak potential.
For a thorough theoretical description of this
technique, see references (65,66).

Colovos, et a l . (67)

have used the technique to determine trace amounts of air
borne zinc, cadmium, lead and copper.
determination of bismuth is also given.

A method for the
Harrison also

used this technique in analysis of particulate matter (68).
As stated above, this technique is usually limited
to metals that are soluble in mercury; however, cobalt, a
nonamalgam forming metal, has been measured by anodic
stripping voltammetry.

The method is highly sensitive

(about 0.1 ppb or better), relatively simple, basically
inexpensive (Instrumentation including recorder ranges from
$2000 to $5000) and is also suitable for field studies.
7.

X-Ray Fluorescence Methods

With this technique, incoming radiation interacts with
the sample and vacancies are produced within the inner shells
of the atoms being analyzed.

The inner shell vacancies are

filled by electrons from outer shells.

The corresponding

vacancies created in the outer shells are in turn filled
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by electrons from still farther out.

The Ionized atoms are

thus returned to their normal states by a series of such
steps.

Each step Is accompanied by the emission of

fluorescent x-rays whose energies are characteristic of
the elements in the sample.

The incoming radiation or

exciting radiation may be x-ray photons, electrons, positive
ions or radioactive energy sources.

The main excitation

source was by electron bombardment prior to 1928, but
Glocker and Schreiber (6 9 ) demonstrated the advantage of
x-ray excitation and this became the preferred source.
ever, the electron microscope reversed this trend.

Ho w 

For a

complete discussion of x-rays and electrons in analytical
chemistry, the text by Liebhafsky, et a l . (70) is suggested.
This technique is well suited for routine elemental
analysis of atmospheric particulates.

Its accuracy,

sensi

tivity, speed of analysis, ability to simultaneously
analyze up to 35 elements per sample and the automative
capabilities make this technique most attractive.
8.

Neutron Activation Methods (71)

Neutron activation is a highly sensitive, nonde
structive, multielement technique useful for analyzing
samples from many sources including trace metals found in
air.
In activation analysis, the sample is bombarded with
either particles or energetic electromagnetic radiations.
This bombarding species interacts with the atomic nuclei of
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the elements in the sample and these elements are made
radioactive.

By analyzing the decay patterns (half-lives)

and by comparing the samples to standards, both qualitiative
and quantitative information is obtained using this tech
nique.
Neutron activation analysis employing Li-drifted
detectors coupled with a 4092 channel pulse height analyzer
has been used to detect more than 23 elements in air pol
lutants

(72).

Lyon and Emery (73) studied elements enter

ing and leaving coal-fired steam plants using this tech
nique.

With the aid of computers to unfold complicated

spectra and to calculate concentrations, NAA is finding many
uses in pollution studies

D.

(74).

Conclusions
The elemental analysis of airborne particulate samples

poses a unique problem.

The total amount of material is

ordinarily small but the sample may contain a large number of
elements that extend both a broad atomic number and a broad
concentration range.

As a result, the analytical method

used should have good detectability in order to provide
reliable results for the elements of interest.

In addition

to sensitivity, accuracy, precision, and selectivity, other
important factors to consider in chosing an analysis tech
nique are the speed of analysis and the cost and the availa
bility of equipment.

No single method will solve all trace

trace problems, the choice Involves a series of compromises.
All things considered, the final choice usually depends on
the personal preference of the analyst.

Throughout this

research, the method of choice was Atomic absorption, both
flame and flameless.

The theory involved in this technique

will be discussed in Chapter III.

CHAPTER

nr

ATOMIC ABSORPTION SPECTROSCOPY (AAS)

A.

Introduction
Atomic absorption spectroscopy is an analytical process

based on the absorption of radiant energy by atoms (75)•
Bunsen and Kirchhoff first utilized the phenomenon of atomic
absorption and emission of radiant energy about i860, but
it was not until after 19^5 that the principle was used
extensively in analysis.

Even then, only emission spectra

were studied and applied in the development of analytical
methods.

Absorption methods were largely confined to

studies involving the composition of solar and stellar
atmospheres

(76).

The potential of atomic absorption as an analytical
tool was first demonstrated by Alan Walsh in 1955 (77)*
Since then,

it has been very highly developed and widely

adopted by a great number of research, clinical, and
industrial laboratories which require a rapid, reliable,
and highly sensitive analytical method for metallic elements
in solution.

B.

Development and Theory
Atomic absorption is a quantitative technique, mostly

for metals and metalloids, based on the absorption of
visible or ultraviolet radiation.

Simply stated, this tech

nique is one in which atoms in the ground state absorb radi
33
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ation of specific energy and are thus promoted to a higher
or excited energy state.

The basic law governing this

absorption process is Beer's Law:
Io
A = log I = ebc

Io is the intensity of a parallel, monochromatic beam of
light incident on a cell of path length b, in centimeters,
containing a molar concentration c, in moles per liter,
of absorbing substance; I is the intensity of light trans
mitted by the cell; e is the molar absorptivity, in liters
per mole-centimeter, and A is the measure of absorption,
the absorbance.

The c term in Beer's Law refers to the

atomic concentration in an atomic vapor, not to the
solution concentration; therefore, the conversion of the
solution into atomic vapor is a very
technique.

important step in this

It is on the basis of the atomization step

that atomic absorption is subdivided into "flame" and
"non-flame" techniques.

These will be discussed below.

Prom Beer's Law, it is shown that the amount of energy
absorbed is a function of the number of ground state atoms
present.

If the total concentration is to be obtained,

it is necessary to know the relationship between the
ground state atoms and the total concentration of atoms.
This relationship is mathematically expressed by the
Boltzman distribution:

where
N 1 = the number of atoms in the excited
J
state j .
N

= the number of atoms in the ground
state.

P. = the statistical weight for the
J
excited state.
PQ = the statistical weight for the ground
state.
E., = the excitation energy required to
promote the atom to the jth excited
state.
k

= the Boltzman constant.

T

= the absolute temperature (°K)

In his classic article, "The Applications of Atomic

Ab

sorption Spectra to Chemical Analysis", Walsh (77) calcu
lated the fraction of atoms in the first excited state of
various elements at temperatures ranging from 2000°K to
3000°K.

He concluded that in nearly all cases the number

of atoms in the first excited state was very small compared
to the number in the ground state, this was even smaller
for higher excited states.

Using the zinc 213*9 nm reso

nance line, the ratio of Nj:Nq was found to be 7*29 x 10- 1 5
at 2000?K and 4.32 x 10-1 ^ at 5000°K.

The number of excited

atoms was found to vary exponentially with temperature, while
the number in the ground state remained practically constant.
From this it was concluded that the total number of atoms
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was very well approximated by the number of ground state
atoms.
One major advantage found In atomic absorption over
atomic emission was the fact that absorption is not affected
by small temperature changes as is emission.
Transitions to and from the atomic ground state were
expected to give resonance analysis "lines".

Emission

lines are not perfectly monochromatic, they are naturally
broadened to a width around 10"5 nanometers due to the
finite lifetime ( t ) spent in the excited state.

And since

in atomic absorption the measurement obtained is the differ
ence in the emission intensity of a source before and after
absorption, atomic absorption lines are also broadened.
Other factors that cause additional line broadening are:
a) Doppler broadening, due to movement of atoms
relative to the detector.
b) Pressure broadening, due to the presence of
neighboring atoms (when broadening is due to
the same kind of atoms as those absorbing
radiation, this is known as resonance bro a d e n 
ing ) and
c) Stark broadening, due to external electric
fields or charged particles.
Due to this added broadening, atomic lines are of the
_o

order of 10

nanometers.

To isolate such a narrow band

from the emissions of a continuous source, a resolution
of 500,000 would have been required.

This was beyond the

capabilities of the available spectrographs.

Also, since

the energy emitted over such a small spectral slit-width
was so small, it could not be measured accurately by the
photoelectric methods commonly used to measure light in
tensity.

These problems were solved when Walsh (77) sug

gested the use of sharp line sources.

By using a sharp

line source, the need for a high resolution instrument was
eliminated.

A situation was provided where the absorption

line width (a) was much broader than the source line (b)
(Figure la).

The only requiremfent left seemed to be the

isolation of the desired source line from other source
emissions.

This was achieved by using a monochromator.

But there remained another problem in the technique.
the flame was used for atomization,

Since

sample atoms introduced

into the flame became excited and consequently, emitted
some radiation of the same frequency as the source, thus
causing spectral interference.

A chopper that attenuated

the source line was the solution here.

C.

Equipment
The essential requirements of an atomic absorption

spectrometer are schematically shown in Figure lb.
1.

Sources of Radiation

To generate the atomic spectrum which has the narrow
linewidth required in AAS, neutral atoms must first be
generated and then excited.

The three basic methods usu

ally employed are listed below:

FIGURES

lA AND lB

A.

ABSORPTION

( a ) AND SOURCE ( b )

B.

BASIC EQUIPMENT USED IN AAS

LIN E PROFILES
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a

(

la. ABSORPTION (a) and SOURCE(b) LINE PROFILES

DETECTOR
ATOMIZER

SOURCE
MODULATOR

lb. BASIC EQUIPMENT USED IN

AND
MONOCHROMATOR

A.A.S.

READOUT

a) Thermal vaporization of the metal with
excitation via a direct current discharge
in an inert gas.
b) Thermal vaporization, excitation by a
radio frequency discharge in an inert gas.
c) Production of metal vapor by sputtering
(bombardment by energetic ions, thereby
dislodging free atoms) and excitation
by a direct current discharge in an
inert g a s .
Examples of the first type include the Philips, Osram,
and Wotan band discharge lamps that are sometimes used in
AAS.

The second class is represented by the type of

"electrodeless discharge tube" (EDT) used by Rann and
Hambly for selenium (78).

Such tubes are now available

for a large range of metals.
hollow cathode lamp.

The most used source is the

It is a sputtering type source.

Both

single and multielement hollow cathode lamps are available
for a wide range of m e t a l s .
2.

Modulators

In a modulated system, the source is a pulsed (ac)
beam, and the detection system is tuned to respond only
to the modulated frequency so that the continuous thermal
emissions from the atomization process are rejected.

Modu

lation may be by two methods--mechanical or electronic.
Mechanical modulation utilizes a rotating chopper placed
in front of the source beam; the chopper may act also as
a beam splitter in the case of double-beam instruments.
The hollow cathode lamps of single-beam instruments are

invariably electronically modulated and frequency-tuned to
the synchronized photometer system.

EDT sources may be

modulated by means of a mechanical chopper superimposed
between source and flame, but electronic modulation has
also been successfully used.

The relative merits of the

two modes have been compared by Wildy and Thompson (79)3.

Atomizers

Conventional atomization was accomplished via the
flame and hence the term "flame" atomic absorption.

Until

recently, flames were used almost exclusively as the atom
ization media in AAS.

It was realized in 1966, however,

that flames had been studied and exploited almost to the
limit of their usefulness (80 ).
There are two main drawbacks with conventional flame
analysis.

They are the lack of sensitivity at the nanogram

and picogram levels and the solution volume required for
analysis

(usually a minimum of 1 ml for each element de

termined).

These two disadvantages be.come very serious

limitations when the amount of sample is limited and when
multielement analysis is required as in the case of b io
logical and air particulate samples.

To circumvent these

problems a variety of "flameless" AAS techniques were
developed.

Among those reported are the L'vov graphite

crucible (81), the Massman graphite cell (82), the Woodriff

graphite furnace (83), and the West graphite cup (84).
In this research, both flame and nonflame methods of atom
ization were used.
4.

Monochromators

Either quartz prisms or grating type monochromators
may be used.
5•

However, gratings are more common.

Detector and Readout

■ Basic components of this unit are a photomultiplier
tube, an amplifier,

and a strip chart recorder and/or a

dial or digital display readout.

D.

Flame and Flameless Atomizers
In flame atomic absorption, the sample is vaporized

by spraying the solution as a fine mist into a flame of
sufficiently high temperature to dissociate the chemical
species that may be present.

In flameless methods, the

sample is usually pipetted into a hollow graphite cylinder.
This cylinder is electrically heated by applying a current
to it.

Most flameless instruments have three step analysis

cycles; i.e., drying,
this feature,
analysis.

charring, and atomizing.

Because of

flameless work takes much longer than flame

It has been estimated that with flame AAS, three

samples per minute is the average work rate, but fifteen
samples per hour with flameless AAS is a good pace

(85).
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Although flameless AAS Is a much more sensitive tech
nique than flame AAS (from 50 to 1000 times more sensitive),
it is also inherently less precise (8 6 ).
Along with the increased sensitivity comes the require
ment of absolute cleanliness.
great

Samples must be handled with

care; glassware, plasticware, pipets, and other labo

ratory paraphernalia must be cleaned and properly stored
to avoid contamination.

It is often necessary to redistill

reagent grade acids to remove trace metals.

There are no

"cookbook" procedures for nonflame methods as there are for
flame methods

(87>88 ).

In spite of its greater sensitivity,

and its ability to utilize microliter quantities, some
workers feel that flameless graphite atomizers should be
used only when absolutely necessary (8 5).

CHAPTER

m

PART A

THE DISSOLUTION OP METAL PARTICULATES

I.

-

INTRODUCTION
Dissolution of particulate matter for the analysis

of its metal content is generally accomplished through
the action of reagent acids or acid mixtures.

For par

ticulate matter collected on flash-fired glass-fiber fil
ters, the method of solubilization involves igniting the
filter at 500° C for about one hour, extracting the ash sev
eral times with hot 1:1 H N O ^ ^ O ,

filtering, and diluting

the filtrate to a convenient volume (89).

Particulates

collected on multistaged impactors are put Into solution
by rinsing each stage 4 or 5 times with portions of 10#
HNO^.

The resultant solutions are saved and mixed with

a hot acid mixture of 5:1 HNO^HClOjj followed by wet
ashing in Kjeldahl flasks.
with dilute HNO^.

THe ash is then dissolved

When cellulose filters are used for

particulate collection, Den Tonkelaar, et a l . (91) sug
gest dissolving the sample in 2 ml of 0.25N HNO^ at room
temperature for 30 minutes.

Another method for putting metal

particulates into solution include digesting the sample
with concentrated HNO^ or with a mixture of 3:1 concen
trated HCl.'HNO^ (49).

The acid or acid mixture used and

the choice to apply heat or extract at room temperature

44

45

depend on the type of collecting medium used, the metals
being sought, and the measurement technique to be used.
Procedures involving acid dissolution, as well as those
using direct measurement techniques such as x-ray fluo
rescence or neutron activation analysis, give the total
metallic composition.

No differentiation is made between the

total amount and the amount that is physiologically availa
ble.
For years,

agriculturalists have made a distinction

between the total metallic content of the soil and the
amount that is "available" to plants.

The addition of

radioactive tracers to soil plots has been used to monitor
the metal uptake by plants that are grown in the soil
(92,93).

"Available" metal concentrations have also been

determined by extracting soil samples with complexing
agents such as ethylenediaminetetracetic acid (94), ammonium
acetate (95*96), oxine, and cupferron (97).

Seldom, if

ever, has the "available" concentration been equivalent
to the total concentration.
From all indications, this same kind of selectivity
applies for members of the animal kingdom.

Princi and

Geever found that the amount of cadmium accumulated in the
kidney of dogs exposed via inhalation to CdO dust was 100
times greater than the amount found in dogs exposed to
CdS dust (9 8 ).

Bingham, et a l . have investigated the
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pulmonary response to Inhalation of low concentrations of
PbCl2 , PbgOg, NiCl2 , and NiO.

They concluded that the

changes in lung tissue as revealed using light microscopy
were likely dependent on the concentration, the specific
metallic compound, the solubility, and the physical proper
ties of the metals considered (99)»

These and other experi

ments performed on test animals all indicate the importance
of metallic speciation in assessing the health hazards
involved in breathing metal particulates
According to Williams

(10 0,1 0 1 ,10 2).

(103)* any metallic cation that

finds its way into our bodies will spend a large part of
its time bound to amino acids, proteins, nucleic acids,
carboxylic acids, or to any of the various anionic ligands
found in "vivo"; i.e., C O ^ ~ , H C O 3” , P O ^ - ^

S0^~,

etc.

Therefore in an attempt to differentiate between the total
metallic content of airborne particulates and that fraction
that may be physiologically important, the following research
was initiated.

Both naturally occurring and synthetic

ligands were studied for their ability to solubilize metal
oxides, the metal species most likely to be encountered
in ambient atmospheres.

II.

Metal sulfides were also studied.

PRODUCTION OF -STANDARD METAL PARTICULATES
Much of the metal particulates in our atmosphere are

formed during some industrial process; i.e., grinding,
incineration, or* combustion.

Thus in any attempt to measure

airborne particulates for their metal content, it is
necessary to first have reliable standards.

The standard

particulate generator described by Dharmarajan (104) was
investigated.

To construct the generator, a total con

sumption burner was mounted at the base of a cylindrical
piece of Pyrex glass.

The cylindrical chimney will be

referred to as the "stack" because of its similarity in
appearance and function to an industrial stack.

A piece

of Pyrex tubing

placed into the center of the stack 48

inches from the

burner was used as the sampling probe.

A

portion of the metal particulates generated travel through
this probe en route to the collection filter.

Tygon

tubing was used

to connect the sampling probe

to the col

lecting filter,

a wet test meter and a vacuum pump.

Shown

in Figure 2 is a schematic diagram of the standard gener
ator.
A.

Operation of the Generator

Using hydrogen as the fuel and oxygen as the oxidant,
a standard solution containing the metal(s) was aspirated
into the oxygen rich flame at a steady rate.

After aspi

ration, the solution now in the form of a fine mist, is
introduced into the flame.
and the metals are atomized.

Here the solvent is evaporated
Most atoms are likely to re

main in the neutral ground-state; however, a few atoms may
be excited to a higher state or even ionized, depending

FIGURE 2
STANDARD OXIDE GENERATOR

FILTER
HOLDER
SAMPLE
PROBE

PUMP
STACK

FU EL

OXYGEN

WET TEST
METER

ATOMI ZE R
BURNER
_ METALS
FEED

S OL UT I O N
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on the metal and its ionization potential.

Upon leaving

the flame, the metal atoms combine with the excess oxygen
and oxides of the respective metal(s) are formed.

Through

collision and agglormeration, oxide particulates which range
in size from 0.1 to 10 microns are formed (105).

The rate

of solution aspiration, hence the rate of particulate for
mation, can be controlled by precisely regulating the
oxygen and hydrogen flow rates.

After several minutes (15—

2 0 ) a steady rate is achieved and the metal particulates
advance up the stack, through the sampling probe and' are
collected in a constant, reproducible fashion.
B.

Experimental Conditions
1. Apparatus and Materials
a.

Generator
Atomizer-burner:

Beckman Flame Photometer
Burner assembly with
oxygen/fuel regula to rs .

Pyrex Stack:

Pyrex tubing 60 inches
long and 3 3/4 inches
in diameter (i.d.)

Pyrex Sampling Probe:
Pyrex tubing 5/16
inch in diameter (i.d.).
(The tip is ground to
a sharp edge).
Tape Sampler:

Gelman Instrument
Company, Model 23000.

Filter Paper:

Whatman No. 4l

Wet-Test Meter:

E.H. Sargent and Company,
Chicago, Illinois.

Tygon Tubing:

1/4 and 3/8 inch
diameter (i.d.)

Oxygen and Hydrogen gas cylinders.

in

2.

b.

Hot Plate

c.

Scintillation Vials - Disposable 20 ml
capacity, Kimble No. 74500

d.

Nitric Acid - Concentrated Reagent Grade

e.

Atomic Absorption Spectrometer Perkin-Elmer Model 403

f.

Air and Acetylene gas cylinders

Procedure

Standard solutions of the following metals were
made by dissolving the amount shown in parentheses in
distilled-deionized water that contained 1% nitric
acid.

The final volume was 100 ml and the final con

centration was 10,000 ppm.

The amounts of each metal

used to prepare the stock solutions were:
cadmium (2.74g of Cd(NC>3 )2 .4H20 , ) chromium
(7*70g of Cr(N0 3 )3 .9HpO;, cobalt (4.94g of
Co(N03 )2 .6H20), lead (1.60g of Pb(N03 )2 ),
nickel (4.96g of Ni(N03 )2 •6H 20 ) and zinc
(4.56g of Zn(N0 3 )2 .6H 20 ).
The atomizer burner was operated using oxygen
as oxidant and hydrogen as the fuel.

Gas flow rates

were set at 12.5 pounds per square inch for oxygen
and 0.5 pounds per square inch for hydrogen.

These

settings gave an aspiration rate of 0.3 ml per minute
for the aqueous solutions.

Standard solutions con

taining 1000 ppm of each metal separately and then
one solution containing 1000 ppm of all the metals
combined were aspirated into the generator.

The
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standard solutions were made by diluting the stock
solution 1:10 with distilled water.

Each solution

was aspirated into the burner for 15 minutes prior
to sample collection to assure equilibration of the
system.

Samples were then collected for each metal

for 5, 7*5, and 10 minute durations.

Blanks were

always collected before samples by aspirating dis
tilled water for the appropriate sampling period.
To determine the amount of each metal collected, the
spots were cut out with stainless steel surgical
scissors.

Polyethylene gloves were worn when han

dling the samples so as not to introduce contamination.
Once cut the sample spots were placed in 20 ml ca
pacity scintillation vials to which was added 3 ml
of concentrated nitric acid.
and evaporated to dryness.

The spots were digested
Distilled-deionized water

was added to obtain a final volume of 10 ml (for zinc
and cadmium the final volume was 100 ml).

The so

lutions were measured using the Perkin-Elmer Model
403 atomic absorption spectrometer.
of analysis are given in Table IV.

The conditions
The amount of each

metal was determined by comparison with a calibration
curve.

The calibration curves were made by analyzing

1 , 2 , 3, 4, 6 , 8 , and 10 ppm solutions of each re-

TABLE IV
CONDITIONS FOR ATOMIC
ABSORPTION MEASUREMENTS

CONDITIONS FOR ATOMIC
ABSORPTION MEASUREMENTS*

Metal

Wavelength
(nm)

Lamp Current
(mA)

Slit Width
(nm)#*

Cadmium

228.8

4.0

0.7 (2 .0 )

Chromium

357-9

30.0

0.2 ( .7 )

Cobalt

240.7

30.0

0.2 ( .7 )

Copper

324.7

30.0

0.2 ( .7 )

Lead

283-3

10.0

0.2 ( .7 )

Nickel

232.0

30.0

0.2 ( .7 )

Zinc

213.8

15-0

0.7 (2 .0 )

Air flowrate was 50 liters/min at 21 p.s.i.
* Slit widths in parantheses are those used in flameless
atomic absorption; all other conditions were the same
for both methods of atomization.
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spective metal by atomic absorption spectrometry.

For

cadmium and zinc, the concentrations were 1/10 the
amounts stated.
3.

Instrumental Settings Used With Flame
Atomic Absorption

The details given in the Perkin-Elmer Manual for
Model 403> Atomic Absorption Spectrophotometer for
obtaining absorbance measurements were followed (8 7 ).
The automatic digital readout mode was used for all
studies.

By selecting the "ten average" setting,

the average of ten absorbance measurements were flashed
on the display every second.

Compressed air was used

as the oxidant at a pressure of 21 p.s.i.
rate of 50 liters/min.

and a flow

The fuel, acetylene, was

maintained at a flow of 20 liters/min and a pressure
of 11 p.s.i.

Other operating parameters are given in

Table IV.
C.

Results

From the results shown in Table V, the capability to
generate standard particulate samples as asserted by
Dharmarajan was confirmed.

Throughout the dissertation

all standard metal oxides were generated using the p r o 
cedure described above unless otherwise stated.

TABLE V
DETERMINATION OF GENERATED
PARTICULATES AS A FUNCTION OF TIME

DETERMINATION OP GENERATED PARTICULATES
AS A FUNCTION OP TIME**

Sampling Time (mln)
Metals

5.0

7-5

Cd
Cd*

2.7
2.7

4.0
4.1

5.4
5.5

Co
Co*

28.6
28.6

43.1
43.2

57*3
57.2

Cu
Cu*

27.1
27-1

41.0
41.1

54.2
54.2

Ni
Ni*

28.4
28.0

42.6
41.9

56.8
56.8

Pb
Pb*

27-5
27.2

41.0
40.9

54.9
54.5

Zn
Zn*

2.7
2.7

4.1
4.1

5.4
5-4

*Amount of metal in mixture
#

ft

10

Amount of metal found in micrograms

III.

DISSOLUTION OF METAL OXIDES USING A TRI-LIGAND
SOLUTION
Methods using various complexing agents such as

sodium diethyldithiocarbamate (1 0 7 ,1 0 8 ), ammonium
pyrrolidinedithiocarbamate (109,1 1 0 ), cupferron (1 1 1 ,1 1 2 ),
dithizone

(1 1 3 ,114,1 1 5 ), and oxine (1 1 6 ,1 1 7 ,1 1 8 ), have

been reported in the literature.

These methods are all

extraction procedures that require the metals to be in
solution.

West and Sachdev (119) developed a method by

which ten metals could be simultaneously extracted from
aqueous solutions into an organic solution containing
three ligands, hence the name "tri-ligand".

These ligands

were diphenylthiocarbazone (dithizone), 8-hydroxyquinoline
(oxine), and acetylacetone and the solvent used was ethyl
propionate.

A more appropriate and convenient method

would be one where particulates are directly extracted with
out a lengthy digestion or extraction procedure.

The

"tri-ligand" method was later modified by Dharmarajan

(49),

whereby metal nitrates and. metal sulfates were extracted
directly from filter paper.

The ability of this modified

"tri-ligand" method to extract other metal compounds such
as metal oxides was examined.
A.

Experimental
1.

Reagents
Ammonium Acetate - 15$ w/v in distilleddeionized water.
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Diphenylthiocarbazone (dithizone)
Coleman, and Bell)

(Matheson,

Ethyl Propionate (Baker)
8-Hydroxyquinoline (oxine)
Chemical Works)

(Mallinekrodt

Nitric Acid - Concentrated
2, 4-Pentanedione (acetylacetone) (Matheson,
Coleman, and Bell)
All reagents used were analytical grade reagents.
2.

Standard Solutions

Aliquots of stock solutions prepared as described
on page 51 were diluted with distilled water to
obtain solution A that was 1000 ppm in cobalt, copper,
lead, and nickel a n d l O O ppm in cadmium and solution
B that was twice as concentrated as solution A in
all m e t a l s .
3.

Apparatus

The Metal Oxide Generator and the auxiliary
equipment needed to produce standard metal oxide par
ticulates were utilized, and the analysis was ac
complished by AAS with the conditions shown in Table
IV.

Perkin-Elmer Intensitron Lamps

(for copper, cobalt,

nickel, and lead) and a Westinghouse Ag-Cd-Pb-Zn Multi
element Lamp (for cadmium) were used.

A commercial

hair blow dryer, 20 ml scintillation vials, pipets,
and several 25 ml volumetric flasks were also used.

6o

4•

Preparation of Extracting Mixture
(Tri-Ligand Solution)

To 40 ml of acetylacetone were added 0.2 g of
dithizone and 1.50 g of oxine.

Ethyl propionate was

added to obtain a final volume of 200 ml.
5.

Procedure

Twelve samples of solution B were collected for
6 minutes each from the combustion generator.

The

particulate spots obtained were cut out and five were
placed into 25 ml volumetric flasks.

The samples in

the vials were digested with 3 ml of concentrated
nitric acid, evaporated to dryness, and diluted to
a final volume of 10 ml with distilled water.

To the

samples in the volumetric flasks were added 2 ml of
tri-ligand solution.

These samples were allowed to

stand in contact with the extracting solution for 25
minutes with frequent shaking to allow dissolution
and extraction of the metal oxides.

Distilled water

was added to bring the organic layer to the mouth of
the flasks.

The metals that were acid solubilized and

the ethyl propionate solution of mixed chelates were
aspirated into a single slot burner with an airacetylene flame.

Using the appropriate hollow cathode

lamp source, the absorbance of each metal was determined.
Both aqueous and organic calibration curves were
obtained by aspirating solutions containing 1 , 2 , 4, 6 ,

8 , and 10 ppm for each metal (for cadmium the so
lutions were 1/10 of the amounts s t a t e d ) .

These

standards were made by utilizing an Eppendorf pipet
to spot 13 mm Whatman No. 4l filter disc with 10,
2 0 , 40, 6 0 , 8 0 , and 100 microliters of standard so
lution A.

To avoid physical sample losses, the

spots were carefully dried with a hair dryer.

The

same procedure used for the aqueous and organic
samples was used for the respective standards.
After tri-ligand extraction, the filters were
removed from the flasks, washed with ethyl propionate,
and digested with 3 ml of concentrated nitric acid.
Distilled water was added to bring the volume to 10 ml.
Subsequent AAS determinations of these solutions were
used to determine any unextracted metals on the filter
media.
B.

Results

From the results shown in Table VI, tri-ligand was
observed to dissolve a fraction of the metals

(59-86 per

cent), but the recovery was less than 1 0 0$ in all cases.
After several procedural repetitions,

it was concluded that

the amount of each metal solubilized varied significantly.
Since quantitification and precision was not accomplished,
this procedure was abandoned and the molten oxine procedure
given in the next section was investigated as an alternate

TABLE VI
DISSOLUTION OF METAL
OXIDES WITH T R I-L IG A N D

DISSOLUTION OP METAL
OXIDES WITH TRI-LIGAND*

Metal

6.53

5.62

Amount Re% Recovermaining on
ea Using
Filter After Tri-Ligand
Tri-Ligand
Extraction
(yg)

1—1
cr\
0

Cadmium

HNOo Digestion
TriAmount (yg)
Ligand Ex 
traction
Amount
(yg)

86

Cobalt

62.7

42.5

20.0

68

Copper

65.9

50.9

13-5

77

Lead

67.2

39-9

27-0

59

Nickel

64.2

41.3

22.6

64

*Values given are average values of five determinations
using HNO^ and seven determinations using tri-ligand.
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procedure.

Note, zinc was not analyzed in the above ex

periments, ‘but it has been reported that zinc can be reliabily recovered with 1 0 0 $ efficiency using this procedure
(104).

IV.

DISSOLUTION OF METAL OXIDES USING MOLTEN OXINE
The use of molten 8-hydroxyquinoline or molten oxine

has been reported by several researchers.

Peigl and

Baumfeld suggested the use of mol te n oxine to detect.iron
and vanadium (120).

In a melt of oxine these metals were

found to form dark colored substances; a colorimetric pro
cedure was developed to qualitatively detect 0.035 micro
grams of F e 3+ and 0.28 micrograms of'V^*.

These metals

can be detected in the presence of large amounts of other
metals.

Two micrograms of v 5 + was determined in the

presence of 75 mg MoOg and 14 mg WO^.

In the presence of

16 mg AI2O 3 , 2 micrograms of F e 3+ was detected.

These

authors also noted that numerous metallic oxides and sulfates
such as CdO, ZnO, BeO, C u S O ^ , NiSOij, and ZnSO^,, underwent
color changes when melted in oxine.
West and Granatelli (121) identified various ions by
studying the color, morphology,

and certain optical proper

ties of the addition compounds or metal chelates formed by
fusing inorganic salts with oxine on the hot stage of a
polarizing microscope.

The ions determined were NO^", Cl“ ,

SO/|2", Cu2 + , Zn2 + , U ^ ,

Ca2 + , C r 3 + , and Mg 2 + .
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Molten oxine was the next ligand investigated to
determine its feasibility as an extraction agent for metal
oxides.
A.

Experimental
1.

Reagents (ACS Reagent Grade)
Ammonium Acetate
Dithizone
Ethyl Propionate
8-Hydroxyquinoline (oxine)
Nitric Acid

2.

Standard Solutions

All generating and standard solutions were made
by diluting the appropriate volumes of 10,000 ppm stock
solutions of each metal.

The generating solution was

1000 ppm in reference to cobalt,

copper, lead, and

nickel; 3896 ppm in chromium; and 100 ppm in respect
to cadmium and zinc.
3.

Apparatus

The metal oxide generator and its auxiliary
equipment were used to prepare the standard oxide
particulates.

The samples were solubilized in 20 ml

scintillation vials and an electric hot plate was used
to melt the oxine (m.p.
measured on the P-E AAS.

74-76° C).

Samples were

Hollow cathode lamps for

the various elements were used.

Pipets, a Mettler

analytical balance, forceps, and a pair of scissors
were also employed.

4.

Procedure

The standard generation and collection procedure
was used to provide metal oxides.

The particulate

samples were cut out and inserted into 20 ml
scintillation vials that contained 0.1 g of oxine.
The vials were placed on an electric hot plate set at
100° C.

The samples were allowed to remain in

contact with the molten oxine for two minutes and
then 10 ml of ethyl propionate were added to dissolve
the resultant oxinates.

After sufficient shaking,

the samples were analyzed by flame atomic absorption.

Standards were made by spotting Whatman No. 41
filter paper with 10, 20, 30, 40, 50, 60, 80, and 100
micrograms of the various metals (note, for cadmium
and zinc the amounts used were 1/10 of the amounts
stated here).
B.

Results and Discussion

Results given in Table VII show that the recoveries
of metals by this procedure were baffling to say the least.
Various steps were taken to modify the procedure so that
reproducible recoveries could be obtained.
Several other filter materials,
and Nucleopore, were explored.

glass-fiber, Millipore,

Millipore and Nucleopore

dissolved in the organic solvent which resulted in ex
tremely high background absorbances.

Even the Background

TABLE VII
RECOVERY OF METALS TREATED
WITH MOLTEN OXINE

RECOVERY OP M E TA LS
T R E A T E D W IT H MOLTEN O X IN E *

Coefficient of
Variance (%)

Metal_____________ (%) Recovery______
Cadmium

86

76

52

35

78

32

Chromium

76

100

100

97

52 ,

25

Cobalt

100

80

96

71

68

17

Copper

96

84

66

94

60

20

100

79

45

83

71

27

85

56

87

40

80

30

110

76

54

67

89

27

Lead
Nickel
Zinc

*T h e se

v a lu e s

a re

a v e ra g e

v a lu e s

o f

fiv e

e x p e r im e n ts .
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Corrector could not fully compensate for this high
background.

Glass-fiber was not wetted evenly by the

molten oxine and hence not used.
No.

Returning to Whatman

Hi filters, dithizone was dissolved in molten oxine

prior to sample injection with the hope that two ligands
would be better than one.

The use of two ligands also

failed to improve the situation.
shown in Table VIII.

Recoveries obtained are

The amounts of oxine and ethyl

propionate were varied from 0.1 to 1.0 g and 5 ml to 20 ml
respectively.

The filters were also extracted twice with

molten oxine, but recoveries were less than 100$.
shows the results obtained.

Table IX

In order to discern the reason

for the low efficiencies, the molten oxine procedure was
utilized for singly generated metals.
Recoveries of 100 ± 10 percent were obtained for
copper oxide by wetting the oxide spots with 20 percent
ammonium acetate and then putting them into melted oxine.
Nickel and cobalt were recovered with 90 ± 5 percent ef
ficiency using the same procedure.

Lead, cadmium,

and zinc were never reliably recovered.

chromium,

Other solvents such

as n-butyl ether, methyl isopropyl ketone, methyl isobutyl
ketone,

chloroform, and isoamyl acetate were also examined.

This approach may some day be used to design simple, fast,
sensitive, and precise methods for solubilizing metal oxides,
the task may be accomplished by using another chelating

TABLE VIII
RECOVERY OF METALS TREATED
WITH DITHIZONE AND MOLTEN OXINE

RECOVERY OP M E T A LS T R E A T E D
W IT H D IT H IZ O N E AND M O LTEN O X IN E *

Metal

*

% Recovery

Coefficient
of
Variance (%)

Cadmium

91

6

Chromium

73

34

Cobalt

89

15

Copper

88

6

Lead

94

4

Nickel

85

12

Zinc

93

4

V a lu e s

g iv e n

a re

th e

a v e ra g e

v a lu e

o f

fiv e

d e te r m in a tio n s .

TABLE IX
RECOVERY OF METALS AFTER
TWO EXTRACTIONS WITH MOLTEN OXINE

RECOVERY OP M E TA LS
A F T E R TWO E X T R A C T IO N S W IT H M O LTEN O X IN E *

Metal

% Recovery

Coefficient
of
Variance (%)

Cadmium

71

27

Chromium

89

21

Cobalt

89

16

Copper

86

17

Lead

84

23

Nickel

75

23

Zinc

84

20

*R e c o v e ry

v a lu e s

a re

a v e ra g e

v a lu e s

o f

fiv e

d e te r m in a tio n s .
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agent, another solvent, or a combination of various
reagents.
During the course of events described above, it was
observed that the metal oxides were solubilized by boiling
them in 20 percent ammonium acetate.

This observation led

to the next set of experiments.

V.

DISSOLUTION OF METAL OXIDES. USING VARIOUS LIGANDS
As stated in the last section, ammonium acetate was

observed to solubilize the metal oxides as evidenced by a
fading of the sample spots when boiled in a 20 percent
solution of this compound.

Preliminary tests were made to

determine the efficiency of .this process.

It was found

that from 30 to 65 percent of the metals were solubilized
by ammonium acetate.
A.

This led to the following studies.

Mixture of Various Ligands
1.

Experimental
a.

Generation of Sample

A solution containing 200 ppm of cadmium
and zinc; 2000 ppm of cobalt, copper,

lead and

nickel; and 3896 of chromium was made by di 
luting 10,000 ppm stock solutions of the various
metals.

Metal oxides were prepared by the pro

cedure described previously.

A total of 10 samples

was generated for 2.5 minutes each.

b.

Sample Treatment

Five samples were digested with 3 ml of
concentrated nitric acid; to the other five
samples were added 5 ml of the solution being
tested.

The samples digested with nitric acid

were evaporated-to dryness; the other samples
were heated until all visible signs of the
oxides vanished.

All volumes were adjusted to

10 ml by adding distilled water.
c.

Sample Measurement

Measurement of samples was made on the
Perkin-Elmer AAS.

Specific hollow cathode

lamps were used to measure the absorbance of
each metal.

The concentration of each metal

in the samples was obtained by comparison with
standard calibration curves.

These calibration

curves were obtained by measuring the absor
bances of standard solutions of the various
metals in both water and in the ligand mixture
under investigation.
2.

Results

The solution containing the various ligands
was found to solubilize each test metal with ef
ficiencies of 100 ± 3 percent.

To check these

results the experiment was repeated.

The results

remained the same.

The next step taken was to test

the ability of each individual ligand to solubilize
the metal oxides.
B.

Dissolution Efficiency of the Individual Test
Ligands
1.

Experimental
a.

Sample Preparation

Five percent

(w/v) solutions were prepared

for citric acid, cysteine (L), gluconic acid,
maleic acid, and oxalic acid respectively.

These

solutions were used to solubilize metal oxide
samples that had been prepared by the procedure
given on page 51.

Thirty samples were prepared;

5 were generated for each test solution and 5
were digested with acid.
b.

Sample Treatment

Again flame atomic absorption was used to de
termine the concentration of the samples.

This

was accomplished by comparing samples solubilized
by each test solution with the metal standards
made in the corresponding test solution.
2.

Results

From the results shown in Table X, citric acid,
maleic acid, and oxalic acid all yielded quantitative
recoveries.

Citric acid was the ligand selected for

developing an analytical procedure for dissolving air 
borne metal particulates.

TABLE X
PERCENTAGE RECOVERY USING
IN D IV ID U A L LIGANDS

PERCENTAGE RECOVERY USING
INDIVIDUAL LIGANDS*

Metal

Citric
Acid

Cysteine

Gluconic
Acid

Malic
Acid

Oxalic
Acid

100

Cadmium

100

98

100

100

Cobalt

100

80

87

94

96

Chromium

100

—

—

90

92

Copper

100

45

98

99

99

Lead

100

88

88

96

100

Nickel

98

81

94

„ 94

Zinc

100

85

89

100

84

89

*These values are average values of five determinations.
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ANALYTICAL PROCEDURE FOR THE DISSOLUTION OF
METAL OXIDES USING CITRIC ACID

I.

pH STUDY
Since the degree of complexation is

the ability of citric acid to solubilize
as a function of pH was studied.
to 7-0 were investigated.

often pH dependent,
the oxide samples

pH values ranging from 2.7

These solutions were made by dis

solving different amounts of citric acid and sodium citrate
in distilled water.
A.

Experimental
1.

Generation of Samples

A solution that was 1000 ppm in each cobalt, copper,
lead, and nickel;

3896 ppm in chromium; and 100 ppm in

cadmium and zinc was aspirated into

the oxide generator

and samples were collected for ten minutes each.
2.

Sample Treatment

The samples were placed in 20 ml scintillation
vials.

Three were used for each pH solution.

Five

samples were digested w ith nitric acid and all samples
were then diluted to 10 ml with distilled water.
3.

Measurement of Samples and Standards

The Perkin-Elmer Model M03 Atomic Absorption Spec
trophotometer was used to determine the concentration
of metals in the samples.
B.

Results

Each solution examined was found to solubilize the

samples with 100 percent efficiency.

Therefore, it was

concluded that the solubilizing power of citric acid was
not pH dependent.

II.

STUDY OF THE DISSOLUTION OF METAL OXIDES COLLECTED ON
VARIOUS FILTER MEDIA
In any trace analysis such as the analysis of airborne

metal particulates, it is important that the collecting
medium contains as little metal impurities as possible.
Glass fiber filters have been used in many air pollution
studies because glass-fiber is durable and capable of wit h
standing rather severe collection conditions such as might
be encountered in sampling high temperature effluents from
incinerators or power plants.

An undesirable quality of

this material is its high metal impurity levels.

Millipore

and Whatman filters have been demonstrated to have few
metallic impurities as compared with glass-fiber and other
commercial filters

(122).

For this reason and because of

the importance of particle size distribution as described
before (page 14), the solubilization of metal oxides from
several filters was investigated.
A.

Experimental
1.

Generation of Samples

A solution containing 1000 ppm of cobalt, copper,
lead, and nickel respectively;

3896 ppm of chromium;

and 100 ppm of cadmium and zinc was used to generate
oxide particulates on various filters.

The filters

used

w e re :

a)

Gelman Type A, spectrograde glass'-fiber
(from Gelman Instrument Company)

b)

Nucleopore (pore size 0.4 microns from Nucleopore Corporation)

c)

GSWP Millipore (pore size 0.22 microns from
Millipore Filter Corporation)

d)

Whatman No. 50

e)

Whatman No.

41

Ten samples were collected on each type filter.
samples were all collected for five minutes.

The

Five

samples of each type were solubilized in 3 ml of a 6.2
pH citrate/citric acid solution.

The remaining

samples were digested with 3 ml of concentrated nitric
acid.

Distilled water was added such that the final

volume was 10 ml.

One hundred ml standards were p r e 

pared by diluting 0.1, 0.2, 0 . 3 i 0.4, 0.6, 0.8 and one
ml of the generating solution to volume.
2.

Measurement of Samples and Standards

Flame atomic absorption was used to determine the
concentration of met&ls in each sample.

Operating

conditions were given in Table IV.
B.

Results

The citrate/citric acid solution possessed equal
ability in solubilizing 100 percent of the metal oxides
from the filter materials studied.

But Whatman No.

41 was

the filter medium used throughout the investigations. This
filter was selected because of its purity and availability;

because it is easy to handle and is easily digested;
because it has a comparatively low flow resistance; and
most importantly, because it can collect particles in the
submicron diameter range (0.088 to 0.56 microns) with 100
percent efficiency (123)•
III.

SIMULTANEOUS DISSOLUTION AND TRI-LIGAND EXTRACTABILITY STUDIES
To determine the mutual dissolution of cadmium,

chromium, cobalt, copper, lead, nickel, and zinc oxides,
the oxide(s) of each individual metal, as well as mixed
oxides of all seven metals, were generated.

The effi

ciency of dissolution using a citrate/citric acid
solution was determined' by comparison with nitric acid
digestion.

The ability of the tri-ligand solution to

complex and extract the metal citrates was also examined.
A.

Experimental
1.

Generation of Samples

Solutions containing 100 ppm cadmium, 3896 ppm
chromium, 1000 ppm cobalt,

1000 ppm copper,

1000 ppm

lead, 1000 ppm nickel, and 100 ppm zinc, respectively
were made by diluting 10,000 ppm stock solutions of
each metal.

A solution containing all seven metals

combined was also prepared;

the concentration of

each metal in this combined solution was the same as
in the single-metal solutions.

Ten samples were gen

erated for each single metal using the oxide generator-
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that has been previously described.

Fifteen samples

were generated using t-he combined metal solution.
The generation time was five minutes for all samples
collected.
2.

Sample Treatment

Five samples of each single metal and ten samples
containing all seven metals were solubilized with
three milliliters of a 6.2 pH citrate/citric acid
solution.

The re-maining samples were digested with

3 ml of nitric acid.

Distilled water was added to

adjust the final volume to 10 ml for all samples
except five combined-metal samples.

To each of these

five samples was added a ten milliliter aliquot of
the tri-ligand solution and the mixtures were vigor
ously agitated for three minutes.

3.

Preparation of Standard Solutions

One hundred milliliters of aqueous standards were
prepared by diluting 0.1, 0.. 2, 0.3, 0.4, 0.6, 0.8, and
one ml of the 1000 ppm combined-metal generating solu
tion with distilled water.

The tri-ligand standards

were prepared in 100 ml portions of citrate/citric acid
solutions that contained 0.1, 0.2, 0.3, 0.4, 0.6, 0.8,
1, 2, 3, and 4 00m of all seven metals* with 10 ml of

tri-ligand solution.

The resulting mixtures were agj-

*'L'he concentrations of cadmium and zinc were one-tenth of
the values stated.
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tated for three minutes and the two layers were allowed
to separate.

Distilled water* was added to raise the

organic (top) layer to the mouth of the flasks.
4.

Sample Measurement

Measurements of samples and standards were made on
the P-E 403 AAS in the usual manner.

Other operating

parameters were as indicated in Table IV.
B.

Results

The absorbances of the single-metal samples were iden
tical to the combined-metal samples as revealed in Table XI,
thus the ability of the citrate/citric acid solution to
simultaneously solubilize all seven metals was established.
The tri-ligand solution was found to complex the
metal citrates and to extract the resulting mixed chelates
into the organic layer with 100 percent efficiency
Table XII).

(see

Data given in Table XIII and in Figure 3 show

that a 3-4 fold enhancement in absorbance sensitivity was
obtained by using the tri-ligand mixture.

It is generally

accepted that absorbance enhancements may be obtained when
organic solvents are used in premix burners

(124,125)*

This

effect has been attributed to an increase in the efficiency
of sample transport through the nebulization sequence due to
reduced viscosity and to a more efficient production of
aerosol droplets

due to a reduction in surface tension.

TABLE XI
ABSORBANCE VALUES FOR METALS
DISSOLVED WITH C IT R A T E /C IT R IC A C ID SOLUTION
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ABSORBANCE VALUES FOR
METALS DISSOLVED WITH
CITRATE/CITRIC ACID SOLUTION*

Metal

Single-Metal Samples

Combined-Metal Samples

Cadmium

0.016

(4.3)

0.016

(5.3)

Chromium

0.024

(2.7)

0.023

(3.1)

Cobalt

0.070

(2.3)

0.071

(1.7)

Copper

0.048

(1.4)

0.048

(1.4)

Lead

0.021

(1.5)

0.021

(1.7)

Nickel

0.074

(4.2)

0.073

(4.0)

Zinc

0.061

(4.3)

0.063

(3.6)

* The absorbance values given, are the average values of
five readings and the values in parentheses are the
coefficients of variance, {%).

TABLE XII
COMPARISON OF C IT R A T E /C IT R IC A C ID
S O L U B IL IZ A T IO N , T R I“ LIGAND EXTRACTION,
AND N IT R IC A C ID D IG E S TIO N FOR THE
DETERMINATION OF GENERATED METAL OXIDE PARTICULATES
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COMPARISION OP CITRATE/CITRIC ACID
SOLUBILIZATION, TRI-LIGAND EXTRACTION, AND
NITRIC ACID DIGESTION FOR THE DETERMINATION
OP GENERATED METAL OXIDE PARTICULATES *

Citrate/citric
acid solubilization
(yg)

Tri-ligand extraction
( y g)

HNO- digestion

(yg)

Metal
Cadmium

2.22

2.34

2.24

Cobalt

21.9

21.1

21.9

Copper

19.9

19-3

19-9

Lead

25-7

30.0

25.7

Nickel

23.0

22.5

23-4

Zinc

2.55

2.62

2.53

*The values given are average values of five determinations.
The micrograms reported are for total content on each filter.

TABLE XI11
SIGNAL ENHANCEMENT AND LINEAR
RANGE OF METALS IN AQUEOUS AND
T R I-L IG A N D SOLUTIONS

SIGNAL ENHANCEMENT AND LINEAR
RANGE OP METALS IN AQUEOUS AND TRI-LIGAND SOLUTIONS**
Metal

Linear Range
(ppm) Aqueous

Linear Range
(ppm)
Tri-Ligand

Enhancement
in
Tri-Ligand

Cadmium

0.04 - 1.5

Chromium*

0.6

Cobalt

0.13 - 8.0

0.05 - 3.0-

3.0

Copper

o

o

0.04 - 3.0

2.5

Lead

0.5

- 18.0

0.02 - 6 . 0

4.0

Nickel

0.15 - 8.0

0.04 - 3.0

3.0

Zinc

0.01 - 0.8

0.008- 0.5

3.0

-10.0

0.01 - 0.3
—

4.0
—

o

1—1
1

OJ

1—1

Chromium is not quantitatively extracted by the
tri-ligand solution.

**Absorbance signals of the metals in water and in citrate/
citric acid were the same.

FIGURE 3
CALIBRATION CURVES OBTAINED FOR
LEAD IN T R I-L IG A N D ( o ) AND IN
AQUEOUS ( a ) SOLUTIONS
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IV.

INTERFERENCE STUDY
The effects of 24 diverse ions were studied.

Ten

samples were prepared for testing the effects of each
group of cations and for each individual anion listed in
Table XIV.
A.

Experimental
1.

Method for Testing Cations

One liter of a solution, T, containing 400 ppm of
cadmium and zinc; 2000 ppm of copper;

4000 ppm of

lead, nickel, and cobalt; and 7792 ppm of chromium
was prepared by diluting stock solutions containing
10,000 ppm of each respective metal.

First, a 100

ml portion of this solution was diluted 1:1 with dis
tilled water and the resulting solution was used to
generate 20 particulate oxide samples.

Secondly, to

a 50 ml aliquot of each cation group was added a 50
ml aliquot of solution T.

These resulting solutions

were used to obtain 10 oxide spots for each group.
Citrate/citric acid was used to solubilize half of
these samples, the other half was digested with con
centrated nitric acid.

The 20 spots containing only

the test metals were treated identically.
2.

Method for Testing Anions

Solution T was diluted 1:1 with distilled water
and the diluted solution was used to generate 40
particulate samples.

The samples were then spotted

with 100 micrograms of an anion.

A total of five

TABLE XIV
IONS TESTED FOR INTERFERENCE
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IONS TESTED FOR INTERFERENCE

Cations*
Group I

Li+ , Na+ , K+ , Ca+ , Ag + , Rb+

Group II

Be2 + , M g 2 + , C a 2 + , Sr 2 + , B a 2 + , H g 2+

Group III

A l 3 + , Ce 3+

Group IV

Fe 3 + , M n 2 + , B i 3 + , N H iJ+

Anions**
C0 32“ , Cl", F", HPOjj2", S032", SO|j2”

*The concentration of each positive ion was 4000 ppm.
**The amount of each negative ion added was 100 micrograms.
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samples was used for each negative Ion.

These along

with five untreated samples were solubilized using
the citrate/citric acid solution and the five remain
ing samples were digested with concentrated nitric
acid.
B.

Measurements and Results

All samples were analyzed by flame atomic absorption.
Conditions were the same as those given in Table IV.

By

comparing the absorbances of the test metals in the presence
of the potential interfering ions with the absorbances of
the test metals alone, it was concluded that the ions
listed in Table XIV did not interfere.

V.

STUDY OF METAL SULFIDE DISSOLUTION
To determine whether or not sulfides could be solu

bilized using citrate/citric acid solutions, known amounts
*v-.

of the metals were exposed to f^S gas and the resulting
metal sulfides were analyzed.
A.

Experimental
1.

Metal Sulfide Preparation

Twenty micrograms of cobalt,

copper, lead, and

nickel; 19-5 micrograms of chromium; and

2 micro

grams of cadmium and zinc were spotted on Whatman
No.

*11 filter strips.

These spots were placed inside

the glass tube exposure chamber shown in Figure

.

With the side arms sealed with rubber stoppers, an
HjjS-air mixture that was 1000 ppm in HgS was passed

FIGURE

i\

EXPOSURE CHAMBER

EXPOSURE

CHAMBER

0 >

To Exhaust
Whatman No. 41
Spotted with Metals

<3

through the chamber at a rate of 160 ml/min for 90
minutes.

The formation of metal sulfides was evidenced

by a change in color of the metal spots.
2.

Sample Preparation

The samples were removed from the chamber, cut out,
and placed in 20 ml scintillation vials.

Five of the

samples were digested with concentrated nitric acid,
five were solubilized with citrate/citric acid, and
five were pretreated with B r 2-water as recommended for
metal sulfide oxidation (49).

Two milliliters of

saturated Br 2-water were added to each spot and the
samples were gently heated until evolution of Br2
ceased.

The samples were allowed to evaporate to near

dryness and they were then treated with the solubiliz
ing solution.

All volumes were adjusted to 10 ml with

distilled water.
B.

Results

Frpm the results tabulated in Table XV, it was con
cluded that the citrate/citric acid solution did not com
pletely solubilize the metal sulfides.

However, by pre-

tre'ating samples with Br2-water, the resulting metal
sulfates were efficiently solubilized.

VI.

RECOMMENDED PROCEDURE
A.

Sample Collection

Collect the samples by one of the methods given in

TABLE XV
DISSOLUTION OF METAL SULFIDES
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DISSOLUTION OF METAL SULFIDES*

Metal

Cadmium

yg solubilized
by citrate/
citric acid

1. 42

yg solubilized
by H N 0 3

yg solubilized
after
pretreatment

2.0

2.0

Chromium

12.1

19.5

19-5

Cobalt

17.8

20.0

20.0

20.0

20.0

Copper

7.34

Lead

11.2

20.0

19.8

Nickel

17.1

20.0

20.0

2.0

2.0

Zinc

1.62

*The values shown are average values of five determinations.

Chapter II.

When the samples are to be analyzed using

flame AAS, It Is usually necessary to collect samples for
at least 1 day.

However, when flameless AAS Is employed,

sampling periods on the order of minutes and hours are
adequate.
B.

Sample Dissolution

Remove samples from the collecting device and place
them in convenient containers, such as the 20 ml capacity
scintillation vials used in the previous experiments.
a predetermined volume of a 6.2 pH
acid solution to each sample.

( 1%

Add

w/v) citrate/citric

For flame AAS analysis, use

3 ml of the solution; for flameless AAS, 1 ml is sufficient.
In either case, cover the vials with caps, but do not screw
the caps on tightly, and then gently heat the samples on an
electric hot plate at approximately 75° C for 25 minutes.
A diagram of the dissolution set up is shown in Figure 5*
C.

Analysis of Sample

Adjust all samples to the same volume by the addition
of distilled water.

In developing the method,

flame AAS

was utilized and it was necessary to have a volume of 10
ml.

For field studies in which the HGA-2100 was used, the

sample volumes were adjusted to 2 ml.

Prepare standards

for each metal as described on page 51 and measure the
absorbance of all solutions using the appropriate operating
conditions

(see Table IV, page 5^ for flame AAS and Tables

[V and XVII, pages 5*1 and 120 for flameless AAS).

Read the

absorbance at the proper wavelength and calculate the con-

FIGURE 5
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VII. FIELD STUDIES
Samples for the analysis of atmospheric metal parti
culates were collected at three sites.

The first was a

parking lot located between Coates' Laboratories and
Nicholson Hall on the Louisiana State University, Baton
Rouge campus.

The second site was a second floor window

of an apartment building located in an area of very high
traffic density about 300 feet from an interstate highway.
The third site was various locations above an industrial
plant in the Baton Rouge area.
A.

Experimental
1.

Collection Procedure

Samples were collected on acid washed Whatman No.
41 filter disc (13 mm diameter).

The filters were

mounted in Nucleopore filter holders.

For sites one

and two, seven samples were simultaneously collected
by attaching the holders to an eight port manifold,
see Figure 6.

A Hi-Vol type filtering system was

used to pull air through the filters.

A flow of

approximately 5.5 1/min was maintained throughout the
sampling period.

This flow was controlled by a Mano-

stat flow regulator also shown in Figure 6.

A rota

meter with a 1/4 in. diameter stainless steel ball
was used to measure the flow rate across the filters
at the beginning, halfway between, and at the end of

FIGURE 6
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the 2k hour sampling periods.

The average flow

obtained from these determinations was used to calcu
late the total volume of air sampled.

Samples at

site three were collected from an airplane by another
investigator and returned to the laboratory.
2.

Sample Treatment

Once collected all samples were treated the same.
They were taken out of the sample holders and put into
20 ml scintillation vials that had been leached over
night with 1:1 redistilled nitric acid and thoroughly
rinsed with distilled water.

Some of the filters

from each set were digested with 2 ml of redistilled
nitric acid and then evaporated to dryness.

The

remaining samples were solubilized by 1 ml of a 6.2
pH citrate/citric acid solution.

A final volume of

2 ml was obtained by adding distilled water.

Blanks

were prepared by treating clean 13 mm filter disc in
the same way that the samples were treated.

Standards

were made by diluting the appropriate volumes of
10,000

ppm stock solutions of each metal with aci di 

fied distilled water.

Fresh standards were made daily

and samples were always analyzed the same day that they
were prepared to avoid adsorption losses.

T en micro

liter Eppendorf pipets with disposable polyethylene
tips were utilized to inject samples into the graphite
tubes.
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3.

Measurement of Samples

The Perkin-Elmer Atomic Absorption Spectrophoto
meter Model 360 equipped with a Deuterium Background
Corrector and the Perkin-Elmer Model 2100 Heated
Graphite Atomizer were used.

Graphite tubes, 27 mm

long and 6 mm i.d., were used as the atomizing element.
The t u b e ’s interior was purged with argon to prevent
tube combustion and to inhibit oxidation of the atom
ized elements.

A diagram of this assembly is given

in Figure 7The HGA-2100 has variable time and temperature
selectors for sequentially drying, charring, and atom
izing the samples.

When a sample is placed inside a

tube, the program button is initiated and the sample
is first evaporated at a low temperature, charred at
a higher temperature, and finally atomized at yet a
higher temperature.

Since the time and temperature for

each step may differ for each specific element and for
each matrix, these parameters had to be optimized.
A 0.2 ppm solution of copper in tri-ligand was
selected to demonstrate how one determines the most
favorable time and temperature settings for charring
and atomizing a sample.

The absorbance readings for

this solution were measured using different atomizing
and charring times.
Table XVI.

These readings are listed in

Figures 8 and 9 depict the variations in
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TABLE XVI
O P T IM IZ A T IO N OF TIM E

O P T IM IZ A T IO N

*Experimental
Conditions:

Atomization Time

OP T IM E

Atomization temperature 2500°(
Charring temperature 900°C
Atomization time - 10 sec
Charring time - 30 sec
Concentration -0.2 ppm

Five Consecutive
Absorbance Readings

5 sec

0.20, 0.22, 0.23, 0.24,
0.25

10 sec

0.20, 0.20, 0.21, 0.20,
0.20

15 sec

0.20, 0.21, 0.20, 0.20,
0.20

Charring Time
0

0.25,
0.25

0.25, 0.27, 0.23,

10

0.21,
0.20

0.22, 0.20, 0.21,

20

0.21,
0.20

0.21, 0.22, 0.20,

30

0.21, 0.20, 0.20, 0.20,
0.19

40

0.20,
0.20

0.20, 0.20, 0.21

*Stud,y done of copper in tri-ligand mixture.

FIGURE 8
ABSORBANCE OF COPPER AS A FUNCTION
OF CHARRING TEMPERATURE
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FIGURE 9
ABSORBANCE OF COPPER AS A
FUNCTION OF A TO M IZIN G TEMPERATURE
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absorbance as a function of charring and atomizing
temperatures respectively.

The optimum conditions

found for all metals are shown in Table XVII.
B.

Results and Discussion

The signal enhancements observed when metals in the
tri-ligand solution were aspirated into the’ flame are not
observed in flameless AAS.

Metals in all three solvents

(acidified water, citrate/citric acid solution, and tri
ligand) gave the same absorbance readings.

Representative

calibration curves are shown in Figures 10 through 12 for
cadmium, copper, and lead, in that order.

The detection

limits and linear ranges for all metals studied are listed
in Table XVIII.

Copper and lead were the only metals detec

ted in samples collected at sites one and two.

The other

metals were not detected even after sampling periods of 48
and 72 hours.

Zinc was not measured in any of the field

studies because the blank values gave high erratic readings
that could not be compensated.
The lead samples collected at sites one and two were
dissolved by the citrate/citric acid solution with 100 per
cent efficiency.

This was not surprising since these sam

ples probably consisted of soluble lead compounds such as
PbClBr, NHjj •2PbClBr, and 2NHijCl* PbClBr, which originated
from automobile emissions.

Results given in Tables XIX

through XXIV show that in many cases, the recovery of the
metals using citrate/citric acid dissolution was less than
100 percent.

The presence of metal sulfides and other

TABLE XVII
OPTIMUM CONDITIONS FOR FLAMELESS
ATOMIC ABSORPTION MEASUREMENTS

OPTIMUM CONDITIONS FOR FLAMELESS
ATOMIC ABSORPTION MEASUREMENTS
Metal

Atomization
Temperature
(°C)

Atomization
Time
(sec)

Charring
Temperature
(°C)

Charring
Time
(Sec)

Drying
Time
(Sec)

Cadmium *
**

1800
1800

10
15

300
400

10
20

20
10

Chromium *
**

2700
2800

15
15

1000
1300

10
20

20
10

Cobalt *
*«

2600
2700

15
15

1000
1000

10
30

20
15

Copper *
*«

2500
2500

10
15

900
900

10
30

20
15

Lead *
**

2000
2300

15
15

500
550

10
30

20
10

Nickel *
**

2500
2500

10
15

1000
1200

10
30

20
15

Other Conditions:

A drying temperature of 125 was used for all work.
Argon was used throughout as the purge gas.
It's flow rate was
maintained at approximately 60 cc/min.
Lamp currents, wave
lengths, and slit widths used were the same as those given
for flame analyses unless stated otherwise.
C o n d i t i o n s for metals in water and citric acid/citrate solutions.
**Conditions for metals in tri-ligand solutions.

FIGURE 10
CALIBRATION CURVE FOR CADMIUM
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FIGURE 11
CALIBRATION CURVE FOR COPPER
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FIGURE 12
CALIBRATION CURVE FOR LEAD
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TABLE XVIII
DETECTION LIMITS AND LINEAR RANGES
FOR METALS USING THE HGA-2100

DETECTION LIMITS AND LINEAR RANGES
FOR METALS USING THE HGA-2100

Metal

Detection
Limit (ng)

Linear Range
(ng)

Cadmium

0.0030

0.003 -

0.075

Chromium

0.15

0.15

-

1.2

Cobalt

0.16

0.16

-

6.0

Copper

0.10

0.1

Lead

0.050

0.05

-

Nickel

1.5

1.5

- 20.0

4.0
2.0

TABLE XIX
DETERMINATION OF COPPER
IN AIRBORNE PARTICULATES
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DETERMINATION OP COPPER IN
AIRBORNE PARTICULATES

Site One
yg/M^ found
by citrate/
citric acid
solubiliza
tion

8-5-76

(2) 0.0040
(4) 0.0040
(6) 0.0040

(7)

(1) 0.011
(3) 0.011
(5) 0.012

(7) 0.011

8-6-76

8-7-76

(4)
(5)
(6)
(7)

Pg/M^ found
by tri-ligand
extraction

o
•3’
o
o
•
o

Date

0.0063
0.0084
0.011
0.011

yg/M^ found
by HNOo
digestion

(1) 0.0020
(3) 0.0030
(5) 0.0063
(2) 0.011
(4) 0.009
(6) 0.012
(1) 0.0063
(2) 0.0084
(3) 0.0063

Site Two
9- 5-76

9-7-76

(5) 0.020
(7) 0.019
(4) 0.028
(5) 0.029

-

(1) 0.019
(3) 0.020

(2) 0.024
(4) 0.021
(6) 0.024

(6) 0.021
(7) 0.028

(1) 0.030
(2) 0.035
n n-an

TABLE XX
DETERMINATION OF LEAD
IN AIRBORNE PARTICULATES

D E T E R M IN A T IO N OP L E A D I N
A IR B O R N E P A R T IC U L A T E S

S ite

O ne

Date

yg/M^ found
by citrate/
citric acid
solubiliza
tion

8-5-76

(2) 0.15
(4) 0.15
(6) 0.16

(7) 0.16

(1) 0.17
(3) 0.16
(5) 0.16

(1) 0.11
(3) 0.12
(5) 0.12

(7) 0.13

(2) 0.12
(4) 0.12
(6) 0.12

8-6-76

8-7-76

(4)
(5)
(6)
(7)

yg/M^ found
by tri-ligand
extraction

yg/M3 found
by HNO?
digestion

(1) 0.068
(2) 0.073
(3) 0.084

0.078
0.068
0.089
0.084

Site Two
9-5-76

(5) 0.27
(7) 0.27

(1) 0.27
(3) 0.29

(2) 0.28
(4) 0.26

9-7-76

(4) 0.54
(5) 0.52

(6) 0.57
(7) 0.56

(1) 0.54
(2) 0.54
(3) 0.55

TABLE XXI
DETERMINATION OF CADMIUM
IN AIRBORNE PARTICULATES

D E T E R M IN A T IO N OP CADM IUM I N
A IR B O R N E P A R T IC U L A T E S

S ite

T h re e

Date

ng/M^ found
by citrate/
citric acid
solubilization

7- 20-76

(2) 7-0
(4)

(1) 7.0

10055

(6) 4.0
(8) —

(5) 4.0
(7) - ’

10055

(10) 2.0
(12) 3.0

(9) 2.0
(11) 2.0

10055

(2) 3.0
(4) 8.0

(1) 5.0
(3) 8.0

100%

(6) 6.0
(8) 6.0

(5) 6.0
(7) 6.0

100%

(2) 2.1
(4) 2.3

(1) 2.8
(3) 2.8

19%

(6) 2.8
(8) 2.7

(5) 3.1
(7) 3.7

81%

9- 30-76

(1)
(16) 3.3

(2) 3.3
(4) 3.3

100%

10- 7-76

(5) 3.9
(7) 5.3

(6) 5.3
(8) 4.6

95%

(9) 2.3
(11) 1.2

(10) 3.5
(12) 3.0

56%

(13) 2.0
(15) 2.0

(14) 2.0

100%

8-27-76

9-25-76

10- 13-76

ng/M^ found
by HNO 3
digestion

% solubilized
by citrate/
citric acid

TABLE XXII
DETERMINATION OF CHROMIUM IN
AIRBORNE PARTICULATES

D E T E R M IN A T IO N OP CHROMIUM
I N A IR B O R N E P A R T IC U L A T E S

S ite

Date

yg/M3 found
by citrate/
citric acid
solutilization

7- 20-76

T h re e

yg/M 3 found
by HNO 3
digestion

% solubilized
by citrate/
acid

(1) 0.16
(5) 0.13
(10) 0.064
(12) 0.064

8-27-76
9-25-76

-66%

All samples were less than 0.045 yg/M3*
(2) 0.035
(4) 0.036
6 and 8 gave
no reading
therefore less
than 0.02
yg/M3 was
estimated

(1) 0.095
(3) 0.095

37%

(5) 0.094
(7) 0.094

(2) 0.27
(4) 0.35

?

(5) 0.070
(7) 0.070

(6) 0.17
(8) 0.16

~

(11) 0.058

(10) 0.14
(12) 0.14

(16) 0.25

10-13-76

CO
-=T
O

* See Appendix C.

(14)

O

(13) 0.93
(150 0.032

O
OO

9-30-76

10-7-76

(9) 0.096
(11) 0.096

40#

-40$

-76%

TABLE XXIII
DETERMINATION OF COPPER IN
AIRBORNE PARTICULATES

D E T E R M IN A T IO N OP COPPER I N
A IR B O R N E P A R T IC U L A T E S

Site Three
Date

pg/M^ found
by citrate/
citric acid
solubilization

pg/M^ found
by HNO,
digestion

% solubilised
by citrate/
citric acid

7-20-76

See notes

See notes

See notes

8-27-76

(2) 0.18
(4) 0.18

(1) 0.63
(3) 0.99

22%

(6) 0.60
(8) 0.40

(5) 1.6
(7) 1.6

30%

(2) 0.18
(4) 0.18

(1) 0.23
(3) 0.25

76%

(6) 0.17
(8) 0.14

(5) 0.18
(7) 8.1

83%

(1) 0.11
(16) 0.16

(2) 0.27
(4) 0.30

38%

(5) 0.044
(7) 1.0

(6) 0.26
(8) 0.44

——

(9) 0.077
—
(11)

(10) 0.19
(12) 0.050

__

(13) 0.064
(15) 0.042

(14) 0.28

20%

9-25-76

9-30-76

10-7-76

10-13-76

NOTE:

All samples collected on 7-20-76 contained less
than 0.064 pg/M^ copper.

TABLE XXIV
DETERMINATION OF LEAD IN
AIRBORNE PARTICULATES

D E T E R M IN A T IO N OP LEAD I N
A IR B O R N E P A R T IC U L A T E S

S ite

T h re e

Date

yg/M^ found
by citrate/
citric acid
solubilization

7-20-76

(2) 1.6
(4) 1.7

(1) 4.3

(6) 0.19
(8) 0.21

(5) 0.33
(7) 0.35

(10) 0.064
(12) 0. 064

(9) 0.12
(11) 0.096

(2) 0.36
(4) 0.36.

(1) 0.40
(3) 0.42

80$

(6) 1.2
(8) 0.040

(5) 1.1
(7) 0.10

1005S
405S

(2) 0.12
(4) 0.14

(1) 0.30
(3) 0.28

45ft

(6) 0.18
(8) 0.17

(5) 0.32
(7) 0.32

56ft

(1) 0.19
(16) 0.22

(2) 0.22
(4) 0.22

95ft

(5) 0.11
(7) 0.033

(6) 0.30
(8) 0.44

20%

(9) 0.097
(11) 0.097

(10) 0.27
(12) 0.25

37ft

(13) 0.053
(15) 0.053

(14) 0.2 6

20ft

8-27-76

9-25-76

9-30-76

10-7-76
10-13-76

yg/M3 found
by HNCb
digestion

ft solubilized
by citrate/
citric acid

39-3%

'

58.1#

57.15S

mi

insoluble metallic species are suspected of being responsible
for these inefficient results.

VII.

SUMMARY AND DISCUSSION
A method in which a solution of sodium citrate and

citric acid (citrate/citric acid) is used as the dissolving
solution for metal oxides has been described.

Dissolution

using the solution was found to provide both an efficient
(100$) and a reliable (average coefficient of variance was
3$) method for dissolving the metal oxides studied.

The

dissolution efficiency remained 100 percent over a pH
range of 2.7 to 7*0.

A p H of 6.2 was selected because at

this pH, all metals except chromium are quantitatively
extracted into the tri-ligand solution.'

Potential inter

ferences by 24 ions were investigated; no interferences
were observed.

In addition to the metal oxides, the ability

of this solution to dissolve the more Insoluble metal sul
fides was also tested, but only 35 to 80 percent of the •
metals were recovered.

Pretreatment of the sulfides with

B r 2~water resulted in the oxidation of the sulfides to
sulfates which were then solubilized completely by the
citrate/citric acid solution.
The investigation of trace metals in the ecosystem
is approaching the level where the concentration and the
chemical speciation of the element will be of equal impor
tance in environmental studies.

Different forms of

elements have entirely different characteristics in
biological systems.
example.

The studies of mercury are a good

There are many compounds of mercury in our

environment, but it is only the methyl form of mercury
that is of importance to us.

Also, the toxicity, as

well as the availability, is often dependent on the
degree to which the metals are complexed.
postulated,

It has been

for example, that citrate forms complexes

with certain trace metals that are essential to algae.
Complexation with citrate makes these metals nutritionally
available and thus promotes algal growth in polluted
waters

(129)*

Studies of the properties and mechanisms of metal
complexation as they apply to man and his environment
are sure to open a new field of pollution research
which will hopefully lead to a better understanding of
the effects of metal contaminates on life forms.

In

demonstrating a means to dissolve metal oxide particulates
with a body containing ligand, this research is presented
as a possible starting point for determining physiologi
cally significant metallic species.
The value of this research rests more in the dis
solution approach than in the actual solution used.
There are many ligands in the body that are specific for

certain metals; an examination of these ligands may prove
valuable.

CHAPTER
3?

ADSORPTION CHARACTERISTICS OP VARIOUS METALS ON
SELECTED SURFACES

A.

Introduction
In the field of trace metal analysis, often there is

a considerable time lapse between sample collection, dis
solution, and actual measurement.

During the storage time,

significant losses can occur if proper precautions are not
taken to stabilize the trace metals.
The standard procedure recommended by EPA is to
stabilize the trace metals by acidifying aqueous solutions
with nitric acid (5 ml of concentrated nitric acid to one
liter of sample)

(128).

Although it is generally accepted

that acidification of water reduces the rate of adsorption
of metals, there had been little or no systematic study to
validate this assumption.

The work described here was

undertaken to determine the adsorption losses of the metals
investigated in 0.5# nitric acid solutions

(EPA recommenda

tion), in solutions with a pH of 3, in solutions with a pH
of 7, in solutions of the metals complexed with "tri-ligand"
(oxine, dithizone, and acetylacetone) and extracted into
ethyl propionate (119), and in solutions of the metals
complexed with ammonium pyrrolidinedithiocarbamate
and extracted into methyl Isobutyl ketone (MIBK)

(APDC)

(126).

The adsorption process was monitored by using radioactive
tracers.

Pyrex, flint glass, and polyethylene were selected
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as test containers because they are commonly used for
storage.

B.

Experimental
1.

Apparatus and Materials

Since 2^ P b

emits 3-rays, a Geiger-Muller (G-M) Model

EWH-141 (Atomic Accessories) counter having a 1.2— 1.4 mg
cm

—P

mica end window mounted in a steel tube was used.

Details of the detector assembly were given by West

(127).

Three 1/8 in. legs on the bottom of the steel tube mount
provided a fixed geometry for counting the bottom of the
beaker.

For the other metals, which were Y-emitters,

scintillation counting equipment was used; a 5 X 5 cm Nal
(Tl) well-type crystal was mounted in such a way that it
could be inserted into a beaker conveniently and with
reproducible geometric orientation.

The other accessories

for counting both 8 and Y-rays included a Hewlett-Packard
Harrison 6515A dc power supply, a Canberra Model 815
amplifier, an Ortec Model 719 preset timer and an Ortec
Model 775 counter.
The tracers were obtained from New England Nuclear,
Boston, Mass.

Deionized water (5 ml) was added to each

vial containing the tracer and the solutions were then
carefully mixed.
Radioactive stock solutions were prepared by adding
the desired quantity of each isotope separately to a 100-rnl

volumetric flask and diluting to the mark with a (1:20)
nitric acid solution.
were as follows:
(2.0 ml),

^^Ba

The quantities of isotopes used
(0.8 ml), ^Be (3-0 ml), ^ ^ C d

210Pb (1.0 ml),

5Vn

Metal carrier solutions

(1.0 ml), and 65Zn (0.1 ml).

(100 ppm) were prepared by

diluting 1000 ppm stock solutions.

For barium and

bery 1 .l.ium, stock solutions were made as follows:

1.78 g

of barium chloride and 19-64 g of beryllium sulfate
tetrahydrate.were dissolved separately in 100 ml of
deionized water and diluted to one liter.

The cadmium,

lead, and zinc stock solutions were prepared by dissolving
1.0 g of each metal (analytical grade) in a minimum amount
of nitric acid, evaporating to dryness, redissolving in
deionized water, and diluting to one liter.

The manganese

stock solution was made by the procedure given on page 44 0
of ref.

(126).

Appropriate volumes of the tracer stock

solutions were used to spike the respective carrier
solutions such that the final solution provided at least
200 c.p.m.

per ml.

The tri-ligand extraction solution was prepared by
dissolving 0.5 g of dithizone (diphenylthiocarbazone), 3-75
g of oxine (8-hydroxyquinoline) and 100 ml of acetylacetone
•in enough ethyl propionate to obtain a final, .volume of 500
ml.

The APDC solution was prepared by dissolving 4 g of

APDC in 100 ml of deionized water.
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All chemicals used were of the highest purity
commercially available.

Kimax low-form Pyrex beakers and

polyethylene beakers (250 ml; Bel-Art Products) were used.
Flint glass bottles having about the same diameter as the
beakers were cut to size and used.

The flint glass con

tainers -are referred to as flint beakers throughout the
text.

The vessels were thoroughly hand cleaned with soap

solution (no abrasives), rinsed three times with tap w a t e r s
and rinsed again five times with deionized water.

The

beakers were drained, dried and wrapped in plastic bags
until they were ready to be used.
2.

Procedure

The same general procedure was used for each individual
metal.

A 5-ml aliquot of the 100-ppm spiked carrier metal

solution was added to a 500-ml volumetric flask together
with 2.5 ml of concentrated nitric acid (128).

The

solution was diluted to the mark with deionized water and
mixed thoroughly, then a 100-ml aliquot was transferred to
one treated beaker of each type.

A 5-ml aliquot of the

spiked metal carrier solution was added to a second 500-ml
flask.

The solution was made up to about 495 ml, and

adjusted to pH 3 or 7* with nitric acid or ammonia solution.
The solution was then diluted to the mark and the final pH
was measured.

Portions

(100 ml) of the pH-adjusted

solution were then added to a set of the beakers.

1 >18

For the studies with the metal— APDC and m e t a l —
tri-ligand complexes,

5-ml aliquots of the spiked 100-ppm

carrier solution were diluted to about 100 ml and extracted
according to established procedures

(119,126).

The

solution of the met al — APDC complex was diluted to 500 ml
with MIBK and 100-ml portions were added to Pyrex,
and polyethylene beakers.

flint,

The metal— tri-ligand complex

solution was diluted to 500 ml with tri-ligand solution
and 100-ml portions were added to a set of beakers.
Each of the beakers containing 100 ml of the test
solution was covered with a double layer of Saran Wrap and
was held at 2 3 ^ 2 ° C.

After contact periods of 6, 12, and

2*1 hours and 3,5,8,12, and 15 days, the contents of each
beaker were transferred to a corresponding holding beaker.
Each test beaker was rinsed seven times with either deionized
water (for aqueous solutions), MIBK (for m et a l — AP DC — MIBK
solutions), or ethyl propionate (for metal— tri-ligand
solutions) and then dried and counted.

Throughout the

experiment, the same corresponding holding beaker was used.
To calculate the percentage of metal ions adsorbed on
the beakers, it was necessary to determine the total
activity of the respective 100-ml test solutions prepared
at the beginning of the experiment.

To do this the normal

contact area of each test solution had to be simulated.
This was achieved by uniformly adding 5 ml of each standard

1^9

solution to filter paper and carefully evaporating to
dryness.

The filter paper was cut into a strip 25 cm long

and 2.8 cm wide and into a disc 5-5 cm in diameter.

The

paper was fixed with double-stick tape to the inside of
the beaker.

Standards were prepared for each variable

studied by following the above procedure and these standards
were always counted before the test beakers.
The percentage adsorption for each solution was then ■
calculated from the formula:
D
Percentage adsorption =

x 100

where B is the total activity (c.p.m.) adsorbed on the test
beaker and A is the total count obtained by adding 5 ml of
the standard solution to the filter paper.
All beakers were counted by inverting the beakers on
top of the crystal which was housed in a lead castle.

Half

way down the length of the crystal, a metal 0-ring with an
indexing notch was set.

By positioning the pouring spout

of the beaker in the notch of the 0-ring, the same geo
metrical orientation was obtained for each beaker.

Back

ground counts were checked to determine if the crystal had
been contaminated inadvertently by any of the beakers.
When the G-M counter was used, the effective area was
pin
determined as follows:
a 10-pl drop of 1-ppm
Pb
solution was dried on the center of a large inverted petri
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dish.

The G-M tube was centered above the spot and the

counts per min. were recorded.

The G-M tube was then dis

placed In 0.5-cm steps along the +x and -x axes and again
the c.p.m. were recorded; this procedure was continued
until the point in both directions was reached where there
were no significant counts.

By plotting the c.p.m. on the

ordinate and the displacement on the abcissa, a Gaussian
distribution was obtained from which the effective area of
the G-M tube was calculated.

By integrating the area under

the curve, the efficiency of the G-M detector was
calculated to be 43.2$.

The total activity of the 100-ml

test solution was determined by evaporating to dryness
10-yi of the solution on the center of each of the beakers
and counting the residue.

The counts were then multiplied

by 10,000 to give the total c.p.m.

in 100 ml.

The adsorbed

activity in each beaker was calculated by the formula:
Adsorbed c.p.m. = Observed c.p.m.

x

100 x 2.6l

1*372
where 43.2 was the percentage efficiency of counting for
that geometry and 2.61 was an area factor (contact area of
beaker/effective a r e a ) .
The percentage of lead adsorbed was then calculated
from (Adsorbed c.p.m./Total c.p.m.

in 100 ml) x 100.
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C.

Results and Discussion
All of the studies were conducted at a concentration

of 1 ppm for each of the six metals.

The aqueous samples

were studied at 0.5$ nitric acid (EPA recommendation), and
at pH levels near 3 and 7«

The metals studied were

sufficiently stabilized against adsorption by acidification
of the solutions as recommended by EPA and by complexation
and extraction of the metals by the tri-ligand solution.
In general, adsorption increased as the pH of the aqueous
solutions increased (see Table XXV).

Note that for lead,

the Pyrex beakers with solutions at pH 3 showed more
adsorption than at pH 7»
Prom Table XXVI, it can be 'seen that the metal-APDC
complexes behaved rather strangely.

In some instances,

such as for zinc and cadmium, in flint beakers,
high as 95$ were observed.

losses as

These losses may have been due

solely to adsorption or some other phenomena may have been
responsible.

It is possible that the metal-APDC complexes

are unstable and that slow decomposition of the APDC
liberated sulfide ions which precipitated the metals as
sulfides.
The following observations are considered appropriate
from this study.
(1)

The EPA recommended method of stabilizing the

rnetal ions (Ba, Be, Cd, P b , Mn, Zn) by adding 5 ml of
nitric acid to one liter of water sample is valid.

TABLE XXV
PERCENTAGE ADSORPTION OF METALS
IN SOLUTIONS AT PH
AND PH / AFTER
DAYS STORAGE

3

15

IN

PERCENTAGE A D S O R P T IO N OP M E TA LS
S O L U T IO N S A T PH 3 AND PH 7 A F T E R 1 5 DAYS S TO R A G E *

Metal

Polyethylene

Pyrex

Flint

0
(0.34)

1.88
(7.89)

Beryllium

0
(2.02)

0
(9.04)

0
(16.65)

Cadmium

0.14
(0.60)

0.15
(1.80)

0.03
(0.67)

Barium

Lead
Manganese
Zinc

21.48
(15.32)

0

(0 .12 )

9.76

10.98
(23.09)

(16 .68 )

0
(0.12)

0.10
(1.20)

(0 .11 )

0.14
(1.27)

0.15
(6.46)

(0 .56 )

'

0

0.06

*The numbers in parentheses are for metal solutions at
pH7 and the other numbers are for metal solutions at pH 3-

TABLE XXVI
PERCENTAGE ADSORPTION OF METAL-APDC
COMPLEXES IN MIBK AFTER 15 DAYS STORAGE

PERCENTAGE A D S O R P T IO N OP M E T A L-A P D C
COMPLEXES I N M IB K A F T E R 1 5 DAYS S TO R A G E *

Metal

Pyrex

Flint

Polyethylene

Cadmium

59*5

95-7

36.3

Lead

54.1

47-8

42.7

Manganese

75.5

73.6

23.2

8.5

05-3

74.9

Zinc

*Barium and beryllium are not quantitatively extracted
by this procedure.

(2) An alternative method for stabilizing and con
centrating the metal ions in water samples by extracting
them with the tri-ligand system (except for Mn and Ba
which are not quantitatively extracted by this procedure)
can be recommended.
(3) Unless analyzed immediately, the APDC-MIBK system
is not stable against adsorption losses and should not be
used when storing metal ions.
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SIGNIFICANCE OF SELECTED METALS*

Metal

Action

Toxicity

Hg

Toxic; Hg+ salts oxidized
by tissues and erythrocytes
to highly toxic Hg2+ ; Hg re
tained by liver, kidney,
brain, heart, lung and muscle
tissues; complexes wit h — SH
g r o u p s ; inhibits S-aminoleulinic acid dehydratase and
chlorinesterase activity; Hg
protoplasmic poison, damages
central nervous system

LD^o (mouse)
0.027 g/kg

Be

Toxic; causes chemical pneumo
nitis, acts as possible car
cinogen in lungs and b o n e s ;
damages skin and mucous me m 
brane; not excreted from
mammalian tissue; inhibits
alkaline phosphatase, thy
midine; thymidylate kinase,
DNA polymerase; combines
with unphosphorylated enzymes
and competes with Mg for
enzymes; Be-enzyme complex
unable to chelate with ATP

LDcg (mouse)
0.5 mg/kg

Ba

No known requirement; used as
L D 50 (mouse)
marker in digestive tract;
70 mg/kg
similar to Ca in its properties
highly toxic when ingested;
causes vomiting, diarrhea,
affects central nervous system;
causes convulsions; causes
stomach, intestines and kid
neys to hemorrhage; causes
pneumoconiosis; stimulates
all muscles

Cd

Toxic; depresses growth and
reduces protein and fat
digestion; causes hyper
tension and cardiovascular

LD ^ q (mouse)
0.027 g/kg
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Metal

Action

Toxicity

Cd continued

problems; accumulates
in kidney, liver, and
reproductive organs, re
places Zn and binds ir
reversibly; causes pro
teinuria, glycosuria, car
cinomas , edematons and
proliferative and fibrogenic effects on lungs

Cu

Essential in trace amounts;
found in hepatocuprein,
cytochrome C oxidase, and
ceruloplasmin; involved in
a number of enzymes, e.g.,
phenol oxidases a n d •cyto
chrome oxidases; hemolysis
from high concentrations

LD^ q (mouse)
0.05 g/kg

Pb

Toxic; metabolism similar to
Ca; accumulates in bones and
soft tissues, particularly in
the brain, resulting in re
duced functioning; complexes
with S— H groups, inhibits
biosynthesis of heme, par
ticularly in conversion of ;
amino levulinic acids to prophobilinogen, inhibits for
mation of heme from iron and
protoporphyrin, decreases
formation of 6-amino lev
ulinic acid, decreases con
version of protoporphyrinogen
into protoporphyrin IX;
causes loss of amino acids,
glucose, and phosphate in
urine by structural damage
to mitochondria of kidneys;
has been liked to increased
dental caries and is poorly
excreted

LD50 (rat)
0.15 g/kg
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Metal

Action

Toxicity

Mn

Affects central nervous
system causing cramps,
tremors, hallucinations;
causes manganic pneumonia
and renal degeneration

LD_. (mouse)
50
0.21 g/kg

Ni

Essential; involved in
enzyme activity, hormonal
action, structural stabi
lity of biological macro
molecules, and general
metabolism; causes dermatitis,
respiratory disorders, and
cancer of respiratory system;
reduces activities of cyto
chrome oxidase, isocitrate
dehydrogenase of liver,
maleic dehydrogenase of
kidney

LD50 (dog)
0.-8 g/kg
ld50
1— 3 ppm

Sri

Essential; lipid soluble;
organo-tin compounds
accumulate in central nervous
system; no known involvement
with specific enzyme systems

LD50 (dog)
0.16 g/kg

Appears to be essential;
mobilizes Pe to liver and
Ca to bones; inhibits
synthesis of cholesterol,
phospholipids, and other
lipids and amino acids
(theotic acid, uric acid);
inhibits activities of follow
ing enzymes:
tyrosinase,
nathine reductase, xanthine,
cystine, and nitriate re
ductase; has adverse bio
effects on tissue oxidation;
inhibits sulfhydral activity,
reduces blood lecithin con
tent and precipitates serum
proteins; inhibits excretion
of corticosteroids, ace-

LD^ q (rabbit)
0.2 g/kg

Metal

V con
tinued

Action

Toxicity

tylcholine metabolism,
liver acetylation process,
activities of co-enzymes A,Q,
and I, adenosine tri
phosphatases

Zn

Essential; contained in a
number of metalloproteins
and enzymes; large amounts
cause malaise, dizziness,
vomiting, diarrhea; re
quired for skin repair

LD50 (rabbifc)
2.0 g/kg

Cr

Essential; CrVI more toxic
than CrIII, combines with
3 -globulins; essential
for normal metabolism of
glucose; causes perforation
of nasal septum, congestion,
hyperemia, emphysema,
tracheitis, bronchitis,
p h a r y ngiti s , broncho
pneumonia, cancer of re
spiratory tract, and
dermatitis

(r a b )
0.18 g/kg

Co

Essential; required for
vitamin B 1 2 ; produces
polycythemia and affects
normal growth of erythrocytes

LD
n

(rat)
®

Essential; complexes with
LD50
plasma proteins and is dis0.003 g/kg
tributed to all tissues; re
places S in cystine, methion
ine; connected with increase
in dental caries in children;
irritates eyes, nose, throat,
and respiratory tract; causes
cancer of liver, pneumonia,
degeneration of liver and kid
ney, and gastrointestinal distur
bances; blocks some enzyme systems;
found in mammary gland secretion
*This information was taken from Dulka, J.J., Risby,
T.H., Analytical Chemistry, ^8,640a, 1976.
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STATISTICS

These formulas were used in calculating standard
deviation(s) and coefficient of variance (%).
r

1

o

Standard Deviation(s) = 1n-l E(x-x)

Coefficient of Variance =

s
x

X 100

'

MEANS AND STANDARD DEVIATION
FOR STANDARD SOLUTIONS (FLAME A A S )*
Amount, ppm
0.050
Mean Absorbance
0.0033_a
Standard Deviation 8.2x10
Coefficient of
24.8
Variance {%)

A m o u n t , ppm
Mean Absorbance
Standard Deviation
Coefficient of
Variance {%)

0.50
0.016
4.9x10“ ^
3-2

Amount, ppm
0.50
Mean Absorbance
0.015
Standard Deviation 1.5x10“ 3
Coefficient of
10.2
Variance (%)

Cd
0.20
°*013 ,
7.4xl0“ 4
5-3
Co
2.0
0.064
1.4x10“ ’
2.3
Ni
2.0
0.065
.
2.7xl0“ 3
4.2

1.0
0.071
_
1.3xl0“ 3
1.8

6.0
0.26

3 .7x 10“3

1.3

6.0
°-18
a
8.1x10
0.40

Zn
0.40
1.0
Amount, ppm
0.050
Mean Absorbance
0.011
0.095
„
0.23
_
8.0x10-3
3.4x10-3
Standard Deviation 9*4xl0“ 2
3-4
Coefficient of
8.3
3-5
Variance
*Ten deviations were done for each concentration.

Cr
7.8
0.047
6.9x10
1.4

19-5
0.099
0
1.5x10-3
1.5

°-013
a
6.6x10"^
5.1

Cu
4.0
0.99
1.1x10“ -*
0.11

10.0
0.24
9.4x10-4
0.30

0.50
0.0040
1.0x10-3
24.8

Pb
4.0
0.032
a
4.8x10
1.5

10.0
0.079
,
1.1x10-3
1.4

0.97
0.047
_
1.4xl0-:J
30.3

0.50

MEANS AND STANDARD DEVIATIONS FOR
STANDARD SOLUTIONS (FLAMELESS AAS)*

Amount, ng
0.0060
Mean Response
0.018
Standard Deviation 0.0029
16 .1
Coefficient of
Variance (%)

0.24
0.079
0.0012
1.5

0.15
0.025
0.041
0.16

Cr
0.30
0.0050
0.0020
0.0047

3.0
0.17
0.0029
1.63

6.0
0.36
0.0015
0.41

0.20
0.017
0.0057
33-5

Cu
0.80
0.082
0.0029
3.53

Ni
6.0
0 ;04l
0.0022
5-3

12.0
0.079
0.0022
2.7

0.050
0.013
0.10
0.40

Pb
5.0
0.0057
0.0029
0.0047

Cd
0.060
0.19
0.0057
2.8
Co

Amount, ng
Mean Response
Standard Deviation
Coefficient of
Variance {%)

1.0
0.058
0.0040
6.9

Amount, ng
1.5
Mean Response
0.0090
Standard Deviation 0.0017
Coefficient of
18.9
Variance (#)

*Five determinations were done for each concentration.

1.2
20.0
4.8
2.8

3.0
0.30
0.0028
0.96

2.0
43.0
2.6
1.4

COEFFICIENTS OF VARIANCE FOR METAL OXIDE
SOLUBILIZATION WITH CITRATE/CITRIC SOLUTION*
Metal

Coefficient of
Variance (50

Amount
pg

Cadmium

2.0
2.3

7.0
4.3

Chromium

6.2
7.2

19.5
9-7

Cobalt

4.4
0-96

29.0
15.6

Copper

O .67
1 *5

75.6
36.0

Lead

1.8
3.4

30.0
15.0

Nickel

2.8
1.4

20.0
15-0

Zinc

2.3
1.8

2.4
1.2

Ten determinations were done for each concentration.

APPENDIX C
SAMPLE CALCULATIONS
USED IN F IE L D STUDIES

SAMPLE CALCULATIONS USED
IN FIELD STUDIES
1.

The following equations were used in calculating:

(a) the total volume of air sampled (Vt ), (b) the amount
of metal collected (Wf ), and (c) the concentration of
metal measured (C„,).
m
(a) Vj. expressed in m 3 (cubic meters) =

(b)

Flow Rate of Sampled Air (1/min) X
Sampling Time (min) v 1000 M^/l.
C
expressed in yg (1 x 10“ ° grams)* =
Amount of Metal Atomized as Determined
from a Calibration Curve * 0.01 ml
(Volume of Sample Atomized) X Total Solution
Volume of the Sample.

(c) Cm expressed in yg/M^ = w f
Vt

2.

Concentrations that were expressed as less than a

given value (<0.0*15 yg/M^) were determined as stated above,
except the amount of the metal at its detection limit was
substituted into equation l.(b) for the amount of metal
atomized.
*The amount of cadmium atomized was expressed in nanograms
(1 X 10”9 grams).
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